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ABSTRACT
The n o n - i s o t h e r m a l  f lo w  o f  a i r  i n  ro u n d  v e r t i c a l  p i p e s  a t  low 
v e l o c i t i e s  was c o n s id e r e d  i n  t h e  p r e s e n t  w ork . The r e s u l t s  w ere 
g e n e r a l i z e d  t o  a p p ly  to  o t h e r  g a s e s ,  how ever, t h e  r e s u l t s  were o n ly  
c o n f i rm e d  when a i r  was u s e d .
The r e l a t i o n  f o r  r a d i a l  v e l o c i t y  d i s t r i b u t i o n  i n  a  v e r t i c a l  
p ip e  was d e r i v e d  a n a l y t i c a l l y .  H ea t  t r a n s f e r  and  t e m p e r a tu r e  
d e p e n d e n t  p r o p e r t i e s  w ere  b o th  t a k e n  i n t o  a c c o u n t  i n  t h e  d e r i v a t i o n s .  
The a n a l y t i c a l  v e l o c i t y  d i s t r i b u t i o n  e q u a t i o n  c o u ld  be s o lv e d  o n ly  i f  
we h a d  th e  t e m p e r a tu r e  d i s t r i b u t i o n .  The r a d i a l  t e m p e r a t u r e  p r o f i l e s  
a t  v a r i o u s  c r o s s - s e c t i o n s  a lo n g  t h e  v e r t i c a l  a x i s  o f  t h e  p ip e  w ere 
m easu red  e x p e r i m e n t a l l y .
I t  was o b s e rv e d  i n  t h i s  work t h a t  t h e  e d d ie s  c a u se d  by n a t u r a l  
c o n v e c t io n  w ere  p r e s e n t  a t  R eyno lds  numbers be lo w  2000. Because  o f  
t h e s e  e d d ie s  i t  was n e c e s s a r y  to  i n t r o d u c e  t h e  eddy d i f f u s i v i t y  ( e M) 
te rm  i n t o  t h e  momentum e q u a t i o n .  The m ag n i tu d e  o f  eM was low er  t h a n  
t h a t  f o r  i s o t h e r m a l  t u r b u l e n t  f lo w .  The v e l o c i t y  p r o f i l e s  f o r  n on -  
i s o t h e r m a l  f lo w  were more e lo n g a te d  i n  t h e  c e n t r a l  r e g i o n  a s  compared 
t o  t h e  i s o t h e r m a l  l a m in a r  v e l o c i t y  p r o f i l e .
I t  was a l s o  found  t h a t  t h e  l o c a l  N u s s e l t  number ) was h i g h e r
th a n  t h e  one c a l c u l a t e d  a n a l y t i c a l l y  by Kays (2 3 )  by assum ing  la m in a r
f lo w  be low  = 20C0. F i n a l l y  an  a t t e m p t  was made t o  compare th e  non-
i s o t h e r m a l  f r i c t i o n  f a c t o r  w i t h  t h e  i s o t h e r m a l  f r i c t i o n  f a c t o r .  The
n o n - i s o t h e r m a l  f r i c t i o n  f a c t o r  ( f  ) was low er  t h a n  th e  i s o t h e r m a lv a '
f r i c t i o n  f a c t o r  ( f . ) .v 1
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NOMENCLATURE
D im ensions a r e  g iv e n  in  te rm s  o f  mass (M), l e n g t h  ( L ) ,  t im e  ( T ) ,  
t e m p e r a tu r e  {Q) and h e a t  (H),
A
2= c r o s s - s e c t i o n a l  a r e a .  L
Ao
2= s u r f a c e  a r e a .  2jcr0dx. L
C
P
= s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e .  H/jyjg
= i n s i d e  d ia m e te r  o f  p i p e .  L
S = a c c e l e r a t i o n  due t o  g r a v i t y ,  l /^ 2
8 c = c o n v e rs io n  c o n s t a n t .
H = h e i g h t .  L
h = h e a t  t r a n s f e r  c o e f f i c i e n t .  H
h f = f l u i d  f r i c t i o n  l o s s  i n  p i p e .  L
k = th e r m a l  c o n d u c t i v i t y .  K / l T 0
P = p r e s s u r e ,  m/ l^
% = r a t e  o f  h e a t  f lo w  th ro u g h  p ip e  w a l l ,  H/p
% ' = r a t e  o f  h e a t  f lo w  th ro u g h  p i p e  w a l l  p e r  u n i t  a r e a .  h / t l 2
= r a t e  o f  r a d i a l  h e a t  f lo w  a t  r a d i u s  r .  h/ j
r = r a d i u s ,  d i s t a n c e  from  tu b e  c e n t r e .  L
r o = i n s i d e  tu b e  r a d i u s .  L
T = a b s o l u t e  t e m p e r a tu r e  a t  any r a d i u s .  6
Tm = mean a b s o l u t e  t e m p e r a t u r e .  6
t = t e m p e r a tu r e  i n  f a h r e n h e i t  a t  any r a d i u s .  6
u = v e l o c i t y  i n  x - d i r e c t i o n  a t  any r a d i u s .  L/-p
um = mean v e l o c i t y .  L/q;
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x -  d i s t a n c e  from  th e  e n t r a n c e .  L
dx = l e n g t h  o f  sm a l l  s e c t i o n  o f  t u b e .  L
^  = mass d e n s i t y  a t  any r a d i u s .  M /j3
= mean d e n s i t y ,  m/ l ^
j j . = a b s o lu t e  v i s c o s i t y .  M / j j
2
v = k in e m a t ic  v i s c o s i t y .  L
2
= eddy d i f f u s i v i t y  f o r  h e a t .  L / T
€ 2 /M = eddy d i f f u s i v i t y  f o r  momentum. L 
(A  = th e rm a l  d i f f u s i v i t y .
T  = s h e a r  s t r e s s ,  m/ ^ 2  
3 = c o e f f i c i e n t  o f  th e rm a l  e x p a n s io n  V f
udN„ = R eynolds  number —Re v
= G rashof  number —
Gr v2
lidN„, = N u s s e l t  number -s—Nu k
f  = f r i c t i o n  f a c t o r
? » Um2 t o
• v i i i
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CHAPTER I
SURVEY OF THE LITERATURE
The a n a l y s i s  o f  n o n - i s o t h e r m a l  f lo w  o f  g a s e s  in  c i r c u l a r  
p ip e s  h as  been  c o n s id e r e d  i n  r e f e r e n c e s  2 ,  3 ,  10 ,  11, 12. Most 
o f  t h e s e  a n a ly s e s  w ere b a s e d  on c e r t a i n  a s su m p t io n s  such  a s ;
( i )  Uniform  w a l l  t e m p e r a tu r e  o r
( i i )  Uniform  h e a t  f l u x  o r  
( i i i )  Uniform i n t e r n a l  h e a t  g e n e r a t i o n  or
( i v )  C o n s ta n t  f l u i d  p r o p e r t i e s ,  i . e .  f l u i d  p r o p e r t i e s  
do n o t  v a r y  w i th  t e m p e r a tu r e .
Most o f  t h e  work done on n o n - i s o t h e r m a l  l a m in a r  f lo w  o f  
f l u i d s  i n  round  p ip e s  h as  b e e n  a n a l y t i c a l .  R. G. D i e s s l e r  (2 )  i n  
h i s  p a p e r  p r e d i c t s  a n a l y t i c a l l y  t h e  r a d i a l  d i s t r i b u t i o n  o f  v e l o c i t y  
and te m p e ra tu re  f o r  f u l l y  d e v e lo p e d  l a m in a r  f lo w  o f  g a s e s  w i th  f l u i d  
p r o p e r t i e s  b e in g  v a r i a b l e  a lo n g  t h e  r a d i u s .  T h is  a n a l y s i s  i s  
a p p l i c a b l e  t o  f lo w  i n  h o r i z o n t a l  p i p e s .  The a n a l y t i c a l  r e l a t i o n s  
f o r  t e m p e r a tu r e  and  v e l o c i t y  p r o f i l e s  o b t a i n e d  i n  t h i s  p a p e r  a r e  
v a l i d  a t  l a r g e  d i s t a n c e s  from  t h e  e n t r a n c e .  The f o l lo w in g  assum p­
t i o n s  w ere made:
(a )  The v e l o c i t y  u a t  any  g iv e n  d i s t a n c e  from  t h e  w a l l  i s  
in d e p e n d e n t  of d i s t a n c e  a lo n g  t h e  tu b e .
(b) The d i f f e r e n c e  i n  t e m p e r a t u r e  be tw een  th e  w a l l  and a 
g iv e n  r a d i u s  i s  in d e p e n d e n t  of t h e  d i s t a n c e  a lo n g  t h e  
tu b e .
( c) The v i s c o s i t y ,  t h e  th e rm a l  c o n d u c t i v i t y  and th e  d e n s i t y  
v a r y  w i t h  t e m p e r a tu r e .
I t  was o b se rv e d  from  t h e  v e l o c i t y  p r o f i l e s  t h a t  t h e  h e a t  
a d d i t i o n  s h a rp e n e d  t h e  p eak  i n  t h e  c e n t r e  r e g i o n  o f  t h e  tu b e  w hereas  
h e a t  e x t r a c t i o n  ca u se d  a  f l a t t e n i n g  a t  th e  c e n t r e  o f  th e  t u b e .  The
1
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changes i n  s h a rp n e s s  o f  th e  t e m p e ra tu re  p r o f i l e  a t  t h e  tu b e  c e n t r e  w i th  
h e a t  a d d i t i o n  and h e a t  e x t r a c t i o n  w ere  i n  t h e  same d i r e c t i o n  a s  t h o s e  
f o r  v e l o c i t y  p r o f i l e s .
T. M. Hallman (10) a t t e m p te d  t o  p r e d i c t  t h e  f lo w  and h e a t  t r a n s ­
f e r  c h a r a c t e r i s t i c s  f o r  a f l u i d  f lo w in g  i n  a v e r t i c a l  tu b e  u n d e r  th e  
c o n d i t i o n s  o f  combined f o r c e d  and f r e e  c o n v e c t io n .  H is  s o l u t i o n s  a r e  
v a l i d  o n ly  i f  t h e  t e m p e ra tu re  and  v e l o c i t y  p r o f i l e s  a r e  f u l l y  de­
v e lo p e d .  He c o n s id e r e d  th e  f l u i d  p r o p e r t i e s  a s  c o n s t a n t  an d  a  u n i fo rm  
h e a t  f l u x  a t  th e  w a l l  o f  t h e  p ip e .  The f o l lo w in g  two e q u a t io n s  w ere  
s o lv e d  t o  f i n d  th e  te m p e ra tu re  and v e l o c i t y  p r o f i l e s :
The r e s u l t  o f  l a r g e  f r e e  c o n v e c t io n  e f f e c t s  i n  combined f o r c e d  
and  f r e e  c o n v e c t io n  f lo w  i s  t o  d e c r e a s e  r a d i a l  t e m p e ra tu re  d i f f e r e n c e s  
and  i n c r e a s e  N u s s e l t  numbers o v e r  t h o s e  f o r  p u re  f o r c e d  c o n v e c t io n  
h e a t  t r a n s f e r .  An i n c r e a s e d  f r e e  c o n v e c t io n  e f f e c t  a l s o  changes  t h e  
a x i a l  p r e s s u r e  g r a d i e n t  from  t h a t  f o r  p u re  f o r c e d  c o n v e c t io n .
R. L. P i g f o r d  ( 3 ) i n  h i s  p a p e r  c o n s id e r e d  m a th e m a t ic a l l y  t h e  
h e a t  t r a n s f e r  t o  a  f l u i d  f lo w in g  i n  la m in a r  m o tion  th ro u g h  a  v e r t i c a l  
t u b e .  He c o n s id e r e d  t h e  v a r i a t i o n  o f  d e n s i t y  and v i s c o s i t y  w i t h  t h e  
t e m p e r a t u r e .  He a l lo w e d  t h e  v i s c o s i t y  t o  v a ry  i n  t h e  r a d i a l  d i r e c t i o n  
o n ly .  He assumed t h a t  t h e  v e l o c i t y  p r o f i l e  i s  p a r t l y  e s t a b l i s h e d  
when t h e  f l u i d  e n t e r s  t h e  v e r t i c a l  p i p e .  I t  was a l s o  assumed t h a t  t h e  
w a l l  t e m p e r a tu r e  tw v a r i e s  l i n e a r l y  w i t h  d i s t a n c e  a lo n g  t h e  tu b e  and  
th e  t e m p e r a tu r e  d i s t r i b u t i o n  i s  g iv e n  b y :
( 1- 1)
( 1- 2 )
Where 9 = t h e  d i f f e r e n c e  be tw een  t h e  t e m p e ra tu re  a t  some 
r a d i a l  p o s i t i o n  and th e  w a l l  t e m p e ra tu re  a t  t h e  
same s e c t i o n  
Q = h e a t  s o u rc e  te rm  B T U / s e c . ( c u . f t . )
P ll
£  = mass d e n s i t y  o f  f l u i d  a t  w a l l  lb  s e c  / f t
t ,  -  tw 3 /
t  -  tw 1
0
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Where r  = r a d i a l  c o - o r d i n a t e  i n  t u b e ,  f t .
R = r a d i u s  o f  t u b e ,  f t .
s = dummy d im e n s io n le s s  v a r i a b l e u s e d  i n  d e f i n i t e  i n t e g r a l  
6 = d im e n s io n le s s  q u a n t i t y  r e l a t e d  t o  G r a e tz  number 
t ,  = t e m p e r a tu r e  o f  e n t e r i n g  f l u i d
I t  was found  t h a t  t h e  e f f e c t  o f  a  n a t u r a l  c o n v e c t io n  d r i v i n g  
f o r c e ,  was s m a l l e r ,  t h e  l a r g e r  t h e  f lo w  r a t e .  I t  was a l s o  n o t e d  
t h a t  t h e  n o rm a l p a r a b o l i c  v e l o c i t y  p r o f i l e  was d i s t o r t e d  even  tho u g h  
n a t u r a l  c o n v e c t io n  may b e  a b s e n t .
H a n r a t t y  ( 12 ) p r e s e n t e d  e x p e r im e n t s  and  c a l c u l a t i o n s  t o  
i l l u s t r a t e  t h e  e f f e c t  o f  h e a t  t r a n s f e r  on w a te r  f lo w  i n  a  v e r t i c a l  
tu b e  a t  low R eyno ld s  num bers . He p o i n t e d  o u t  t h a t  t h e  d e n s i t y  v a r i a t i o n  
p l a y s  a  more im p o r ta n t  r o l e  th a n  v i s c o s i t y  and a  change i n  d e n s i t y  
c a u s e s  a  change  i n  t h e  f o r c e  o f  g r a v i t y  on a  volume o f  f l u i d .  A s t r e a m  
o f  dye was i n j e c t e d  i n  t h e  c e n t r e  and  th e  e f f e c t  o f  h e a t  t r a n s f e r  upon 
t h e  f i e l d  was r e f l e c t e d  by  d i s t o r t i o n  o f  t h e  dye s t r e a m  p a t h .  I t  was 
found  t h a t  c o o l i n g  t h e  f l u i d  i n  u p f lo w  gave r i s e  t o  an  u n s t a b l e  f lo w  
f i e l d .  The f l u i d  n e a r  t h e  w a l l  was r e t a r d e d  and t h e  v e l o c i t y  g r a d i e n t  
a t  t h e  w a l l  c o u ld  become z e r o .  I t  was o b s e rv e d  t h a t  a t  a R eynolds  
number o f  50  and  a  t e m p e r a tu r e  d i f f e r e n c e  o f  10°F be tw een  t h e  h e a t  
t r a n s f e r  medium and t h e  incom ing  w a te r  p ro d u ce d  c o m p le te  t u r b u l e n c e  
th ro u g h o u t  th e  f lo w  f i e l d .  The d i s t o r t i o n  o f  th e  f lo w  f i e l d  was 
e x p la i n e d  by  c o n s i d e r i n g  t h e  e f f e c t  o f  n a t u r a l  c o n v e c t io n  upon t h e  f lo w .
Brown (2k)  p o i n t s  o u t  from  h i s  s tu d y  o f  combined f r e e  an d  f o r c e d  
c o n v e c t io n  a t  low f lo w  r a t e s  i n  a  v e r t i c a l  tu b e  t h a t  f o r  w a te r  w i th  
d e n s i t y  i n c r e a s i n g  from  b o t to m  t o  to p  th e  f lo w  was g e n e r a l l y  t u r b u l e n t  
even  f o r  R eynolds  numbers a s  low a s  50 . He r e a c h e d  t h i s  c o n c lu s i o n  
b e c a u s e  o f  t h e  f l u c t u a t i o n  o f  t h e  t e m p e r a tu r e  o f  t h e  w a te r  a t  a 
p a r t i c u l a r  c r o s s - s e c t i o n .  The a m p l i tu d e  o f  t h e  f l u c t u a t i o n  o f  th e  
t e m p e r a t u r e  was i ( T  -  Tw). The w a l l  t e m p e r a tu r e  Tw was a l s o  f l u c t u a t i n g .  
He a l s o  o b s e rv e d  t h a t  t h e  N u s s e l t  number was h i g h e r  a t  t h e s e  low 
R eyno ld s  num bers t h a n  t h e  N u s s e l t  number c a l c u l a t e d  from  th e  l a m in a r  
f lo w  t h e o r y .
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Yamagata (7 ) c o n s id e r e d  e m p i r i c a l l y  t h e  e f f e c t s  o f  f r e e  c o n v e c t io n  
due t o  changes  i n  d e n s i t y  on th e  mean c o e f f i c i e n t  o f  f r i c t i o n  and  th e  
mean d im e n s io n le s s  c o e f f i c i e n t  o f  h e a t  t r a n s f e r  ( N u s s e l t  number) w h ich  
w ere  g iv e n  by :
< w >
—  = f m ( ^ h ) ^ h  ( 1 -5 )
Where -  1 + C (G r .P r )
= 1 + K (G r .P r )
* i -  — i --------------
„  , <3-
V
1 -  (1  -  - i )  F (V )
7 f
( 1 - r ) F  ( f - ]^1 / h
m, IC and n  a r e  t h e  f a c t o r s  w hich  depend on t h e  p r o p e r t i e s  
o f  t h e  f l u i d  and  t h e i r  m ag n itu d e  c o u ld  b e  fo u n d  from  t h e  e x p e r i m e n t a l  
d a t a .
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CHAPTER I I
INTRODUCTION TO PRESENT PROJECT 
AND
ANALYTICAL DERIVATIONS
Most o f  th e  p a p e rs  m en t io n e d  i n  C h a p te r  I  and o t h e r s  on t h e  same 
s u b j e c t  o f  n o n - i s o th e r m a l  f lo w  o f  f l u i d s  i n  c i r c u l a r  p i p e s  made 
a s s u m p t io n s  o f  t h e  ty p e  d e s c r i b e d  i n  t h e  f i r s t  p a ra g ra p h  o f  C h a p te r  I .  
I n  p r a c t i c a l  p rob lem s o f  n o n - i s o t h e r m a l  f lo w  o f  f l u i d s  i n  p ip e s  
( e . g .  h e a t  e x c h a n g e r s ,  ch im neys, e t c . )  i t  i s  n o t i c e d  t h a t  th e  w a l l  
t e m p e r a tu r e  does  n o t  rem a in  c o n s t a n t  i n  t h e  a x i a l  d i r e c t i o n .  The w a l l  
t e m p e r a tu r e  may o r  may n o t  f o l l o w  t h e  l i n e a r  law a s  assumed by P i g f o r d  
( 5 ) .  The c a s e  o f  u n i fo rm  h e a t  f l u x  i s  a l s o  q u i t e  r a r e  i n  p r a c t i c a l  
p ro b le m s.  L a s t l y ,  f o r  m ost o f  t h e  f l u i d s  u se d  i n  a c t u a l  p r a c t i c e ,  t h e  
p r o p e r t i e s  such  a s  d e n s i t y ,  v i s c o s i t y  and  th e r m a l  c o n d u c t i v i t y  v a ry  
c o n s id e r a b l y  w i t h  t e m p e r a tu r e  an d  t h e  a s su m p t io n  t h a t  th e  f l u i d  p r o p e r ­
t i e s  do n o t  v a r y  w i t h  t e m p e ra tu re  c o u ld  i n t r o d u c e  c o n s id e r a b l e  e r r o r .
I t  was f e l t  n e c e s s a r y  t o  t r e a t  t h e  c a s e  o f  n o n - i s o th e r m a l  f low  
o f  g a s e s  a t  low v e l o c i t i e s  i n  v e r t i c a l  p ip e s  w here none o f  t h e  
a s su m p t io n s  made by th e  p r e v io u s  a u t h o r s  2 ,  J>} 10 , 11 , 12 a r e  u s e d ,  
i . e .  a more p r a c t i c a l  c a s e .  The p r o p e r t y  v a r i a t i o n s  i n  t h e  r a d i a l  
d i r e c t i o n  a s  w e l l  a s  in  t h e  a x i a l  d i r e c t i o n  w ere c o n s id e r e d .  The 
v a r i a t i o n  o f  t e m p e ra tu re  a lo n g  t h e  r a d i u s  a s  w e l l  a s  a lo n g  th e  
d i r e c t i o n  o f  f lo w  was m easu red  e x p e r i m e n t a l l y .  Knowing t h e  t e m p e ra tu re  
p r o f i l e  a t  a  p a r t i c u l a r  c r o s s - s e c t i o n ,  t h e  v e l o c i t y  p r o f i l e  was 
c a l c u l a t e d  by  making u se  o f  t h e  momentum e q u a t io n .  An a t t e m p t  was 
made t o  compare t h e  n o n - i s o th e r m a l  f r i c t i o n  f a c t o r  w i th  t h e  i s o t h e r m a l  
f r i c t i o n  f a c t o r  i n  t h e  v e r t i c a l  p i p e s ,  a s  w e l l  a s  t o  compare th e  
l o c a l  N u s s e l t  number ( N ^  ) f o r  t h e  p r e s e n t  c a se  w i th  t h e  ones 
c a l c u l a t e d  f o r  t h e  c a s e s  where e i t h e r  t h e  w a l l  t e m p e ra tu re  was c o n s t a n t  
o r  t h e r e  was a c o n s t a n t  h e a t  f l u x .
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We now o u t l i n e  t h e  a n a l y t i c a l  i n v e s t i g a t i o n  f o r  l a m in a r  and 
t u r b u l e n t  f low  of g a s e s  i n  v e r t i c a l  p ip e s  w i th  h e a t  t r a n s f e r  and  f l u i d  
p r o p e r t i e s  b e in g  v a r i a b l e  a lo n g  t h e  r a d i u s .
(a )  A n a l y t i c a l  a p p ro ach  f o r  c a l c u l a t i n g  th e  v a r i a t i o n  o f  v e l o c i t y  
a lo n g  t h e  r a d i u s  —
F or  s t e a d y  i s o t h e r m a l  t u r b u l e n t  f lo w  i n  a  c i r c u l a r  tu b e  a t  a  
l a r g e  d i s t a n c e  from  t h e  e n t r a n c e  where t h e  mean r a d i a l  v e l o c i t y  i s  
z e r o ,  t h e  Reynolds  momentum e q u a t io n  (when c y l i n d r i c a l  c o o r d i n a t e s  
a r e  u se d )  r e d u c e s  t o
Sc I d /  - V T \  1 S *—  —  = -  -  —  ( r  u 'v * )  -i —  . ^ r  , ,
(? c>x r  d r  f r  c)r < (2_1)
w here  u ‘ i s  t h e  t u r b u l e n t  f l u c t u a t i o n  i n  t h e  x - d i r e c t i o n  and V  
i s  t h e  f l u c t u a t i o n  in  t h e  r a d i a l  d i r e c t i o n .  The f i r s t  te rm  i n  
t h e  above e q u a t io n  ( 2 - 1 ) r e p r e s e n t s  th e  p r e s s u r e  f o r c e s ,  t h e  
second  te rm  t h e  f o r c e s  due t o  t u r b u l e n t  f l u c t u a t i o n s  i n  t h e  mean 
f lo w  and t h e  l a s t  te rm  th e  f o r c e s  due to  v i s c o s i t y  o f  t h e  f l u i d .
The e q u a t io n  ( 2 - 1 )  i s  p e r f e c t l y  s a t i s f a c t o r y  f o r  a p p l i c a t i o n  
t o  p rob lem s o f  f o r c e d  c o n v e c t io n  w h e re in  t h e  body f o r c e  due to  
g r a v i t y  would  be e x p e c te d  t o  be s m a l l  i n  com par ison  t o  th e  i n e r t i a  
f o r c e s  o f  t h e  m o tio n .  At low v e l o c i t i e s  t h e  e f f e c t  o f  f r e e  con­
v e c t i o n  w i l l  n o t  be  n e g l i g i b l e .  I n  f r e e  c o n v e c t io n ,  i t  i s  t h e  
body f o r c e  which s u s t a i n s  t h e  f l u i d  m o tion  and  h en ce  i t  c e r t a i n l y  
must be in c lu d e d  i n  t h e  e q u a t i o n  ( 2 - 1 ) .
The body f o r c e  i s  g e n e r a l l y  r e f e r r e d  t o  a s  t h e  buoyancy  f o r c e .  
The v a r i a t i o n  o f  d e n s i t y  w i t h  t e m p e r a tu r e  a s  r e p r e s e n t e d  by t h e  
c o e f f i c i e n t  o f  th e rm a l  e x p a n s io n  (3 i s  an im p o r ta n t  f a c t o r  i n  
n a t u r a l  c o n v e c t io n  and i s  g iv e n  by
I  . - i  ( ! ♦ * » ,
"  —  = 1 + pA0
e
w here  AO = T -  Ta
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7^ a  i s  t h e  d e n s i t y  a t  am b ien t  a i r  t e m p e r a tu r e  Ta and 0  i s  th e  
d e n s i t y  o f  th e  f l u i d  e le m en t  a t  t e m p e r a tu r e  T.
F o r  a  p e r f e c t  g a s  i f  t h e  p r e s s u r e  v a r i a t i o n  i s  s m a l l
0*a PaT T
£ "  PTa Ta
^ a  T
j  = 1 + 3A0 = ^
o r  pA0 = ^  -  1 
=
Ta
fi = i -  P Ta
( 0 a - 0  ) gBuoyancy f o r c e  p e r  u n i t  mass =  ------------- -  —e gc
= (T -  T a) JL_
Ta g c
= (3 A0 
c
Now we can w r i t e  t h e  e q u a t i o n  ( 2 -1 )  as
1 P 1 d / r  u« v \  1 d r  du. „ g 
e  5 = v s f ( ^  > + f 7 ^ ^ i ; 5 ? )  + l3 i ; AS
U sing  P r a n d t l  c o n c e p t  o f  m ix ing  l e n g t h  and t h e  eddy d i f f u s i v i t i e s  
t h e  above e q u a t i o n  can be w r i t t e n  as
1 SP 1 3 /T e ,, c)u. 1 5 / r  du. ^ g
(5 5x -  r  d r  '■g-  M + ^ 7  5 7  ^  T  + 3 I ~  ( }
( i )  I n  t h e  l a m in a r  f lo w  ew i s  assumed to  be z e r o ,  s i n c e  t u r b u l e n tM 3
f o r c e s  a r e  p o s t u l a t e d  a b s e n t .  3o th e  e q u a t i o n  ( 2 - 2 ) r e d u c e s  to  
1 dP 1 d , r  du , g , .
\  ~ $ 7  5 F  ( |i  Tc ^
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The r i g h t  hand  s i d e  o f  t h e  e q u a t io n  ( 2 - J a )  can be  w r i t t e n  a s  
a  f u n c t i o n  o f  r  b e c a u s e  Q } A6 and p. a r e  f u n c t i o n s  o f  t e m p e ra tu re  
and  hence  o f  r a d i u s  r .
w r i t i n g  t h e  e q u a t io n  ( 2 - 3 a) a g a in ,  we o b t a i n
5F r c 5F> " f ( r )
I n t e g r a t i n g  b o th  s i d e s  o f  e q u a t i o n  ( 2 - 4 )  w i t h  t h e  boundary  
c o n d i t i o n
i
Sr
we o b t a i n
1 -  s ? = I £<r)  dr ( 2- 5 >c
The r i g h t  hand  s i d e  o f  t h e  above e q u a t i o n  ( 2 - 5 )  was i n t e g r a t e d  
n u m e r i c a l l y  f o r  each  r  and th e n  t h e  v a lu e  o f  ^  f o r  e a ch  r  was known 
from  e q u a t i o n  ( 2 - 5 ) .  Knowing t h e  v a lu e  o f  u  a t  any  r a d i u s  r  
was r e a d i l y  fo u n d .
( i i )  I n  t u r b u l e n t  f lo w ,  t h e  eddy d i f f u s i v i t y  h a s  a  v a lu e  v e ry
much h i g h e r  t h a n  t h e  k in e m a t i c  v i s c o s i t y  v . i s  som etim es c a l l e d
a p p a r e n t  k in e m a t i c  v i s c o s i t y  and i t  r e p r e s e n t s  t h e  c o n t r i b u t i o n  due
t o  t h e  momentum exchanged  by  m a c ro s c o p ic  t u r b u l e n t  e d d ie s .
W r i t in g  e q u a t i o n  ( 2 -2 )  a g a in
1 BP 1 B , r  Bu. 1 B / r  Bu. g , .
9  Bx ~ r  5 r  ( g ^  eM 5r^  + f  5F ^  g c + P Tc ( }
I B P  1 B r , N Bu, „ g
o r  1  s  = ?  5 ?  [ r  ( s M + v) 5 J ]  + e  f -
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From th e  p r e v io u s  work (1 5 ,  p k j 9) on t u r b u l e n t  f low  
(NRe 1(A) we know t h a t  th e  eddy d i f f u s i v i t y  (e^.) i s  a f u n c t i o n  
o f  t h e  p o s i t i o n  i n  t h e  c r o s s - s e c t i o n  o f  t h e  p i p e .  The tem p era ­
t u r e  and v e l o c i t y  p r o f i l e s  were m easured  e x p e r i m e n t a l l y  and th e n  
t h e  v a lu e s  o f  t h e  eddy d i f f u s i v i t i e s  w ere c a l c u l a t e d .  So i t  was 
s u s p e c t e d  t h a t  th e  eddy d i f f u s i v i t y  ( e^ )  m igh t v a ry  a c r o s s  th e  
c r o s s  s e c t i o n  i n  th e  p r e s e n t  c a s e  a l s o .  But b e c a u s e  o f  th e  d i f f i ­
c u l t y  o f  m ea su r in g  th e  v e l o c i t y  p r o f i l e  i t  was n o t  p o s s i b l e  to  
e v a l u a t e  a t  v a r i o u s  r a d i i  and  t h e r e f o r e  i t  was assumed a s  a 
c o n s t a n t  a c r o s s  t h e  c r o s s  s e c t i o n .  The k in e m a t ic  v i s c o s i t y  y 
was a l s o  assumed c o n s t a n t  was e v a lu a te d  a t  th e  mean t e m p e r a tu r e .
If (r 5?) = P f ;  A0) 'fe"Vv) (2-6)
The r i g h t  hand s id e  o f  th e  e q u a t io n  (2 -6 )  i s  a f u n c t i o n  o f  r  
and so  we can w r i t e  t h i s  e q u a t io n  i n  a s im p le r  form  as
< r  3F> -  * ( r > (2 -7 )
whore F(r)  -  (A g  -  f> | -  A0) (2-7=0
I n t e g r a t i n g  b o th  s i d e s  o f  e q u a t i o n  (2 -7 )  w i t h  t h e  boundary  
duc o n d i t i o n  a t  r  = 0 ; -r— = 0 ’ d r
we g e t  du
rdF
r F ( r )  d r  ( 2 -8 )
The r i g h t  hand  s i d e  o f  e q u a t io n  (2 -8 )  was i n t e g r a t e d  n u m e r i c a l ly
duf o r  e a c h  r  and th en  th e  v a lu e  o f  f o r  each  r  was known. Knowing 
t h e  v a lu e  o f  u  a t  any r a d i u s  r  c o u ld  be found .
(b) A n a l y t i c a l  a p p ro ach  f o r  c a l c u l a t i n g  th e  v a r i a t i o n  o f  t e m p e ra tu re  
a lo n g  th e  r a d i u s  - -
T h is  i s  an  a n a l y t i c a l  app roach  f o r  c a l c u l a t i n g  t h e  v a r i a t i o n  
o f  t e m p e r a tu r e  a lo n g  t h e  r a d i u s .  F o r  o b t a i n i n g  t h i s  t e m p e ra tu re  
d i s t r i b u t i o n ,  we w r i t e  a h e a t  b a la n c e  f o r  an a n n u lu s  o f  f l u i d  w i th
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i n s i d e  r a d i u s  r  and  o u t s i d e  r a d i u s  ( r  + d r )  and  l e n g t h  dx. 
q = 2 n r  q ' dx
ir  + d r = 2 jt ( r  + d r ) ( q / + dq7 ) dx
we now w r i t e  t h e  e n e rg y  b a la n c e  a s  f o l l ­ows —
dx
I n p u t  = O utput + A ccu m u la tio n
2 jtr q dx = 2 n ( r  + d r )  (q* + dq; ) dx + 2n r d r  Pg u C dx
h to r  - 2 ndx ( r  dq ' + q ' d r )  »  2 n r  d r  f g  u Cp ( g ^ ) r  <*x . . .  ( 2- 9 )
(The d i f f e r e n t i a l s  o f  t h e  h i g h e r  o r d e r  t h a n  th e  f i r s t  have  b een  
n e g l e c t e d ) .
W r i t i n g  e q u a t i o n  (2 -9 )  i n  a s im p le r  form
d r ( 2- 10)
Now w r i t i n g  th e  h e a t  b a la n c e  f o r  t h e  w hole  c r o s s - s e c t i o n  o f  
t h e  tu b e  —
2 * ro  -  * ro 2 g ub Cp
o r  2 .  r o  <?fc g Ub Cp ( g ) fc
D iv id in g  e q u a t i o n  (2 -1 0 )  by e q u a t i o n  (2 -1 1 )  we o b t a i n
d ( r q ' )  = 2r  £  U_ ( 5 t )
a r  r o  ?b °  ub T § t y r
( 2- 11)
( 2- 12 )
m 1 yi- L IB E jSY
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1 1 .
The s t a t i c  p r e s s u r e  i s  assum ed t o  be  c o n s t a n t  a c r o s s  th e  tu b e .  
From t h e  p e r f e c t  gas  law
P  Tb
Pb
d ( r q ' ) _  2 r  Tb U ( d t / d x ) r  
5 r  r o  T %  (c ) t /S x )b
I n t e g r a t i n g  th e  above e q u a t i o n  we o b t a i n
T,
^  (2. 13)
01 ■>' - - 7+ T5t- I J k r  %  w  ( s  >r ^
(5 F b  b
We know t h a t  t h e  law f o r  h e a t  c o n d u c t io n  i s
q ’ = " k  H  (2 -1 5 )
E q u a t in g  e q u a t i o n  (2 -1 4 )  and  e q u a t i o n  (2 -1 5 )
_ . £ t  _ 1 l 1 _  _
C d r  ~ “ r  ' ( 5 t / 5 x ) b  r  I r o  T
I f  we i n t e g r a t e  t h e  above e q u a t i o n  we o b t a i n  
1 -  t  = - 1 r 1 . 1 2 I r  Tb U . , d t .k f r  + (& t /d x )b  r  )  r o  T Ub qo f e ^ r  d r  ^ d r  ( 2“ l 6 ) 
I n  t h e  above e q u a t i o n  ( 2 - 1 3 ) ,  t  i s  th e  t e m p e r a tu r e  a t  any r a d i u s  r .
Our main p u rp o se  was t h e  s o l u t i o n  o f  t h e  v e l o c i t y  p r o f i l e  
e q u a t i o n .  S in c e  t h e  t e m p e r a tu r e  p r o f i l e  e q u a t i o n  c o u ld  o n ly  be 
s o lv e d  by
( i )  knowing th e  v e l o c i t y  p r o f i l e  o r
( i i )  a ssum ing  a p a r t i c u l a r  h e a t  f l u x  
th e  d e c i s i o n  was made t o  m easure  t h e  t e m p e r a tu r e  e x p e r i m e n t a l l y .
T h i s  e x p e r i m e n t a l l y  d e te rm in e d  p r o f i l e  c o u ld  t h e n  be u se d  t o  s o lv e  
t h e  v e l o c i t y  p r o f i l e  e q u a t io n  and a  f u r t h e r  a d v a n ta g e  w ould  be  t h a t
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no a s su m p t io n  would  have  t o  be made r e g a r d i n g  t h e  h e a t  f l u x .
The e x p e r im e n ta l  t e s t  s e t  up was t h e r e f o r e  d e s ig n e d  to  
m easu re  a c c u r a t e l y  t h e  t e m p e ra tu re  p r o f i l e s  a t  t h e  v a r i o u s  s e c t i o n s .
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I I I
EQUIPMENT, INSTRUMENTATION AND CALIBRATION
( a )  D e s c r i p t i o n  o f  t h e  e q u ip m e n t ;
The equipm ent u se d  f o r  t h e  p r e s e n t  w ork was d e s ig n e d  and  
i n s t a l l e d  w i th  t h e  a b l e  g u id an c e  o f  P r o f .  W. G. C o lb o rn e ,  Shown 
in  f i g u r e  1 i s  a  s c h e m a tic  d iag ram  o f  t h e  m ajo r  components o f  th e  
t e s t  i n s t a l l a t i o n .  A i r  was d e l i v e r e d  from  th e  f a n  i n t o  a  5 " d i a .  
p i p e .  The a i r  was d e l i v e r e d  from  t h i s  p i p e  i n t o  a  1 .6 "  ID b r a s s  
m e a su r in g  tu b e  th ro u g h  a  g r a d u a l  r e d u c t i o n  as  shown i n  f i g u r e  1 .
The a i r  a f t e r  l e a v in g  th e  b r a s s  tu b e  e n t e r e d  a n o th e r  p ip e  o f  
k . 5" ID th ro u g h  a  s h o r t  d i v e r g i n g  p i e c e  and  th e n  e n t e r e d  th e  
e l e c t r i c  f u r n a c e .  The h e a te d  a i r  from  t h e  f u r n a c e  e n t e r e d  th e  
v e r t i c a l  aluminum t e s t  p ip e  h a v in g  an  OD = k . 5 " ,  ID = k . 3125" 
and l e n g t h  = 36 f t .  An i n l e t  p r e s s u r e  was m easured  by  p r o v id in g  
a  p ie z o m e te r  r i n g  a b o u t  18" away from  t h e  s t a r t  o f  t h e  v e r t i c a l  
aluminum p ip e  as  shown.
(b) C o n s t r u c t io n  o f  e l e c t r i c  f u r n a c e ;
The e l e c t r i c  f u r n a c e  i s  shown i n  f i g u r e  3 . The a i r  from th e  
k .5 "  ID p ip e  e n t e r e d  th e  b o t to m  o f  t h e  f u r n a c e  th ro u g h  a  s h e e t  
m e ta l  t r a n s i t i o n  shown i n  f i g u r e  3a . A w i r e  mesh s c re e n  was 
p ro v id e d  j u s t  below t h e  h e a t e r s  t o  d i s t r i b u t e  t h e  a i r  u n i fo rm ly  
a c r o s s  th e  h e a t e r s .  T here  were f i v e  Nichrome w i r e  e l e c t r i c  h e a t e r s .  
F our o f  th e  b o a t e r s  w ere ^000 W atts  each  and th e  upperm ost h e a t e r  
was 2000 W a tts .  The 2000 W att h e a t e r  was c o n n e c te d  th ro u g h  a v a r i a c  
f o r  t h e  p u rp o se  o f  p r o v id in g  f i n e  c o n t r o l .  The f u r n a c e  was co v e re d  
w i th  2 - i n c h  m agnesia  b lo c k s  t o  re d u c e  th e  h e a t  l o s s  t o  t h e  am bien t 
a i r  and t o  improve th e  te m p e ra tu re  d i s t r i b u t i o n  e n t e r i n g  th e  t e s t  
p ip e .
13














S C H E M A T IC L A Y O U T  O F  T H E  E Q U IP M E N T
US ED T H E P R E S E N T  I N V E S T I G A T I O N
TRAVERSING THERMOCOUPLE  
IN STR U M EN T v>
P IE ZO M E TE R  RING
MICROMANOMETER
M IC R O M A N O M E T E R
E L E C T R IC
FURNACE
VO LU M E C O N TR O L  
ON I N L E T WIRE M ESH





TEST PIPE SHOWING 













Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission
17
( c) A ir  su p p ly  and i t s  c o n t r o l ;
The a i r  was s u p p l ie d  by a  c e n t r i f u g a l  fa n  d r iv e n  by  a 3 -p h a s e  
1 /2  H .P . m o to r. The a i r  d e l iv e r y  o f  th e  f a n  was c o n t r o l l e d  by  v a ry ­
in g  th e  s i z e  o f  th e  i n l e t  o p en ing  to  th e  f a n .  T h is  was e f f e c t e d  by 
p ro v id in g  a c i r c u l a r  m e ta l  p l a t e  w hich  moved tow ard  o r  away from  
th e  f a n  i n l e t  a lo n g  a th re a d e d  ro d  a s  th e  p l a t e  was r o t a t e d .  T h is  
c o n t r o l  a rra n g e m e n t i s  shown in  f i g u r e  4 . T h is  m eant t h a t  th e  a i r  
p a th  from  th e  f a n  t o  th e  m ea su rin g  s t a t i o n  was sy m m e tr ic a l and 
u n o b s tr u c te d  e x c e p t f o r  th e  g r a d u a l  r e d u c t io n ,  w hich  i t  was f e l t  
w ould n o t d i s r u p t  th e  r e g u l a r i t y  o f  th e  a i r  flo w  to  any g r e a t  
e x te n t .
(d ) A ir  f lo w  m ea su rin g  s t a t i o n ;
The a i r f lo w  th ro u g h  th e  e n t i r e  s e t - u p  was m easu red  by  a  20 
p o in t  v e l o c i t y  t r a v e r s e  a c ro s s  t h e  m e a su r in g  tu b e  some 10 f t .
(75 d ia m e te rs  a p p ro x im a te ly )  from  th e  c o n ic a l  r e d u c t io n .  The la y o u t  
o f  th e  m ea su rin g  s t a t i o n  i s  shown in  d e t a i l ,  w ith  p e r t i n e n t  d im e n s io n s  
i n  f i g u r e  5 . The th r e e  s t a t i c  p r e s s u r e  ta p s  c o n s i s t e d  o f  t h r e e  5 / 16" 
O.D. b r a s s  tu b e s  e q u a l ly  sp aced  a ro u n d  th e  c irc u m fe re n c e  o f  th e  
m ea su rin g  tu b e ,  each  o f  w h ich  was c e n te re d  over a 0 . 05- in c h  h o le  
d r i l l e d  th ro u g h  th e  w a l l  o f  th e  tu b e .  The i n s i d e  o f  th e  m ea su rin g  
tu b e  was sm oothed w ith  em ery c lo t h  t o  e n s u re  t h a t  th e  t a p s  w ould  
g iv e  a t r u e  i n d i c a t i o n  o f  s t a t i c  p r e s s u r e .
The t o t a l  p r e s s u r e  tu b e  was a  hypoderm ic  n e e d le  b e n t  to  a  
r i g h t  a n g le  a p p ro x im a te ly  3 / 4 - in c h  from  one en d . To th e  o th e r  end 
was a t t a c h e d  a  s h o r t  le n g th  o f b r a s s  tu b in g  and to  t h i s  i n  t u r n  was 
a t t a c h e d  a n e e d le  p o i n te r  to  s e rv e  a s  a p o s i t i o n  i n d i c a t o r .  An 
8 - in c h  d ia m e te r  alum inum  p l a t e  a b o u t l / 8 - in c h  th ic k  w i th  a  lo c k in g  
a rra n g e m e n t was f ix e d  a t  3 /4 - in c h  dow nstream  from  th e  s t a t i c  
p r e s s u r e  t a p s .  A g u id e  f o r  t r a v e r s i n g  th e  hypoderm ic n e e d le  c o u ld  
b e  p o s i t io n e d  a t  th e  p ro p e r  p o in t  i n  th e  t r a v e r s e  by  l i n i n g  up th e  
n e e d le  p o i n te r  w ith  th e  p o s i t i o n  m arked on th e  g u id e . An i n d i c a to r  
n e e d le  p a r a l l e l  t o  th e  b e n t  p o r t i o n  o f  th e  hypoderm ic  n e e d le  was 
p ro v id e d  on th e  b r a s s  tu b e  a t ta c h e d  to  th e  t o t a l  p r e s s u r e  n e e d le  to  
a s s u r e  th e  c o r r e c t  a n g le  o f  th e  hypoderm ic  n e e d le  r e l a t i v e  to  th e


















d i r e c t i o n  o f  th e  f lo w .
The p r e s s u r e  l i n e s  w ere  le d  t o  e i t h e r  s id e  o f  th e  m icrom ano­
m e te r  w hich  r e a d  d i r e c t l y  in  in c h e s  o f  w a te r  and  was g ra d u a te d  in  
th o u s a n d th s  o f  an  in c h . F ig u re  6  i s  a p h o to g ra p h  o f  th e  m ea su rin g  
s t a t i o n  show ing  th e  m icrom anom eter c o n n e c te d  to  th e  s t a t i c  and 
t o t a l  p r e s s u r e  t a p s .
(e )  M is c e lla n e o u s  in s t r u m e n ts :
The b a ro m e tr ic  p r e s s u r e  was r e a d  from  a  s ta n d a r d  l a b o r a to r y  
m erc u ry  b a ro m e te r  w hich  m easu red  th e  p r e s s u r e  w i th  an  a c c u ra c y  o f 
0 .0 1 - in c h .  The am b ien t a i r  te m p e ra tu re  was r e a d  from  t h r e e  th erm o ­
c o u p le s  p ro v id e d  a t  th r e e  d i f f e r e n t  h e ig h t s  b e tw een  th e  fu rn a c e  and 
th e  to p  o f  t h e  v e r t i c a l  alum inum  p ip e .  The s u r f a c e  te m p e ra tu re  o f 
th e  fu rn a c e  was m easu red  from  tim e  t o  tim e  w ith  th e  s u r f a c e  p y ro ­
m e te r  to  e n s u re  t h a t  th e  fu rn a c e  d id  n o t o v e rh e a t .  A l l  th e  therm o­
c o u p le s  u se d  f o r  m easu rin g  a i r  and  s u r f a c e  te m p e ra tu re  w ere  o f  
I ro n - C o n s ta n ta n  30 -gauge  w ir e .
( f )  C a l i b r a t i o n  o f  m ea su rin g  s t a t i o n ;
From th e  e x p e r im e n ta l  w ork done by a  number o f  s c i e n t i s t s ,  
we know t h a t  th e  f lo w  p a t t e r n  f o r  th e  ra n g e  o f  v e l o c i t i e s  b e in g  
u se d  in  o u r p r e s e n t  i n v e s t i g a t i o n  i s  w e l l  e s t a b l i s h e d  i n  a  le n g th  
o f  50  t o  80  d ia m e te r s  o f  p ip e ,  th e  i n d i c a t i o n  b e in g  th e  shape  o f 
th e  v e l o c i t y  p r o f i l e .  At th e  e n t r a n c e  u n d e r i d e a l  c o n d i t io n s  th e  
v e l o c i t y  p r o f i l e  w i l l  be p e r f e c t l y  f l a t  th ro u g h  th e  c r o s s - s e c t i o n  
( t h e  v e l o c i t y  w i l l  be  z e ro  a t  t h e  w a l l ) .  As th e  f lo w  p r o g r e s s e s  
f u r t h e r  and f u r t h e r  down th e  p ip e ,  th e  t r a n s i t i o n  l a y e r  becomes 
p r o g r e s s iv e l y  t h i c k e r  u n t i l  a  f i n a l  p a r a b o l i c  f lo w  p a t t e r n  i s  
e s t a b l i s h e d .
The f i r s t  s te p  was to  make a num ber o f  v e lo c i ty  t r a v e r s e s  
f o r  d i f f e r e n t  a i r f lo w s  by c o n t r o l l i n g  th e  s i z e  o f  t h e  f a n  i n l e t .
Then we p l o t t e d  th e  mean o f  th e  s q u a re  r o o t s  o f  th e  v e l o c i t y  
p r e s s u r e s  a g a in s t  th e  v a r io u s  c e n t r e  l i n e  v e l o c i t y  p r e s s u r e s  and 
o b ta in e d  a  c u rv e  a s  shown i n  f i g u r e  7* T hroughou t th e  c o u rs e  o f  
o u r  e x p e r im e n ta l  w o rk , we had  th e  hypoderm ic n e e d le  a t  th e  c e n t r e  
o f  th e  p ip e .  F o r any p a r t i c u l a r  v a lu e  o f  th e  c e n t r e  l i n e  v e l o c i t y
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p r e s s u r e ,  we c o u ld  f i n d  from  f ig u r e  7  t h e  c o r re s p o n d in g  mean sq u a re  
r o o t  o f  t h e  v e l o c i t y  p r e s s u r e  and h en ce  c a l c u l a t e  th e  q u a n t i ty  o f 
a i r  f lo w in g .
(g ) L eakage t e s t ;
I t  was f e l t  n e c e s s a ry  t h a t  b e fo r e  s t a r t i n g  th e  a c tu a l  e x p e r i ­
m e n ta l  w ork , i t  m ust be checked  w h e th e r  t h e r e  w ere  any le a k s  betw een  
th e  m ea su rin g  s t a t i o n  and th e  fu rn a c e  b e c a u s e  o f  a  number o f  j o i n t s  
be tw een  th e  f a n  and th e  f u rn a c e .  To do t h i s ,  t h e  w e ig h t f lo w s  a t  
v a r io u s  s t a t i o n s  a lo n g  th e  alum inum  t e s t  p ip e  w ere  com pared w i th  th e  
w e ig h t f lo w  a t  th e  m ea su rin g  s t a t i o n .  T h ese  v a lu e s  w ere  fo u n d  to  
be  i n  good a g reem en t w i th  each  o th e r .
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CHAPTER IV
SOLUTION OF VELOCITY PROFILE EQUATION
F o r la m in a r  f lo w ;
(a )  E v a lu a t io n  o f  f ( r ) :
From  C h a p te r I I  we h av e  t h e  e q u a t io n
f f t - r  £ > - < * £ - 9 § - * > ' *  <2-*>c c
On th e  r i g h t  hand s id e  o f  th e  above  e q u a t io n ,  th e  d e n s i t y  P  and  th e
d i f f e r e n c e  be tw een  th e  te m p e ra tu re  a t  any r  and  am b ie n t a i r ,  A0 a r e
f u n c t io n s  o f  th e  r a d i u s  r .  To i n t e g r a t e  t h i s  e q u a t io n  ( 2 - 3 a ) ,  th e
te m p e ra tu re  p r o f i l e  f o r  th e  c r o s s - s e c t i o n  u n d e r c o n s id e r a t io n  was
r e q u i r e d  t o  f in d  th e  p r o p e r t i e s  on th e  r i g h t  h and  s id e  o f  th e
APabove e q u a t io n .  The —  was m easu red  o v e r  a l e n g th  o f  6 f t .  o r  3 f t .  
e a c h  s id e  o f  th e  ch o sen  t e s t  s e c t i o n  w ith  th e  a s su m p tio n  t h a t  5 — 
i s  e q u a l  t o  —  i n  t h i s  h e ig h t  o f  6 f t .  From th e  above e x p la n a t io n ,  
i t  i s  o b v io u s  t h a t  t h e  r i g h t  h and  s id e  o f  e q u a t io n  ( 2 - 3a )  i s  a 
f u n c t io n  o f  r .  Hence w r i t i n g  t h i s  e q u a t io n  i n  a  s im p le r  fo rm , 
we have
SF < 1  ■ f <r >
C
i n t e g r a t i n g  t h i s  e q u a t io n ,  we g e t
“I  3F = A 1’ dr t* '2)
c yo
w here
£ ( r )  '  ( |  a ? '
22
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(b)  E v a lu a t io n  o f
From equat ion  (^ -2 )
t — = —  /  f ( r )  dr dr ur J  v '
f i ( r ) dr + f 2 ( r ) dr + ................ ] (4_3)
From equat ion  ( ^ - 3 ) ,  f o r  r  = r^ i s
f L( r ) dr
fdiK &c
r  = r x = j
And ^  f o r  r  = i s
3T
<3F>r = r g -  ( /  £x(r )  dr + /  * f B(r )  dr]
and  so on. Then f ( r )  was p l o t t e d  a g a in s t  r  f o r  d i f f e r e n t  r a d i i
dufrom  r  = 0 to  r  = r Q. To f i n d  th e  s lo p e  ^  a t  any r ,  th e  a r e a
u n d e r th e  c u rv e  ( P lo t  o f  f ( r )  v e r s u s  r )  b e tw een  r  = 0 and
r  = r  , was m easu red , re q d
^  was found  a t  v a r io u s  r a d i i  be tw een  r  = 0 and r  = r  i n  th e  d r  o
m anner s a id  ab o v e . Then gj- was p l o t t e d  a g a in s t  r .
( c )  E v a lu a t io n  o f  v e l o c i t y  a t  any r ;
We know th e  b o u n d ary  c o n d i t io n s
a t  r  = 0 ; u = u’ max
a t  r  = r  : u = 0o '
At r  = r n . f in d  th e  s lo p e  v -  b e tw een  r  = 0 and r  = r 1 from  th e  p l o t  
o f  v e r s u s  r .  Knowing th e  n u m e r ic a l  v a lu e  o f  th e  v e l o c i t y
u^ a t  r  = r ^  i s  g iv e n  by
5  -  ( u - 4 )
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w here  (3^  i s  th e  n u m e r ic a l  v a lu e  o f  ^  from  th e  p l o t  o f  ^  v e r s u s  r .  
The v e l o c i t y  u . in  te rm s o f  u i s  found  from  e q u a tio n
JL 1113 X s
S im i la r ly  to  f i n d  u^ a t  r  = r ^ ,  f in d  th e  s lo p e  ^  betw een  r  = r ^
and  r  = r ^  and we can  w r i t e
3u U1 -  u2
^  r l  " r 2  2
w here (3  ^t i^e n u m e r ic a l  v a lu e  o f ^  from  th e  p l o t  o f  ^  v e r s u s  r .
In  e q u a tio n  (tj—5 ) ,  th e  o n ly  unknown i s  u^ w hich  i s  e a s i l y  found .
In  t h i s  way. we can f in d  u .,,  u _ , u _ ............... e t c .  in  te rm s o f  uI 7 2 ’ 5 max
Then p l o t  th e  v e l o c i t y  a g a in s t  r a d iu s  r ,  s t a r t i n g  from  r  = 0 w here
u = u and e x t r a p o la t i n g  t h i s  c u rv e  to  th e  w a l l  o f  th e  p ip e  w hich  max
w i l l  g iv e  th e  n u m e r ic a l  v a lu e  o f  u . Knowing th e  n u m e r ic a l v a lu emax.
o f  u ,  th e  a c t u a l  v e lo c i ty  a t  each  r  can be fo u n d . A f te r  c a lc u -  max
l a t i n g  th e  v e l o c i ty  a t  each  r ,  i t  i s  e a sy  to  check  th e  w e ig h t f lo w .
(d ) S o lu t io n  f o r  t u r b u l e n t  f lo w ;
The s o lu t i o n  o f  th e  momentum e q u a tio n  f o r  tu r b u le n t  flo w  i s  
done i n  e x a c t ly  t h e  same way a s  f o r  la m in a r  f lo w . F o r t u r b u le n t  
f lo w  th e  f u n c t io n  o f  r  i s  g iv e n  by e q u a tio n  ( 2- 7a)
F ( r )  = (ie g - P f - A ® , ^  (2 -7 * )
To e v a lu a te  we make u s e  o f  th e  e n e rg y  e q u a tio n  w hich 
in v o lv e s  th e  te rm  th e  eddy d i f f u s i v i t y  f o r  h e a t  w hich  r e p r e s e n t s  
th e  t u r b u l e n t  exchange o f  th e rm a l e n e rg y . From P r a n d t l 's  a n a lo g y , 
we know t h a t  f o r  P r a n d t l  number o f u n i ty  th e  eddy d i f f u s i v i t y  
b e a r s  a  r e l a t i o n  to  th e  t r u e  th e rm a l d i f f u s i v i t y  o ( y w hich  i s  
a n a lo g o u s  to  th e  r e l a t i o n s h i p  w hich th e  a p p a re n t  k in e m a tic  v i s c o s i t y  
b e a r s  t o  th e  la m in a r  k in e m a tic  v i s c o s i t y  v . I n  ou r c a seM7
N = 0 ,7  w h ich  i s  v e ry  c lo s e  t o  u n i ty  and we assum ed t h a t  P r a n d t l* s  
a n a lo g y  w ould a p p ly .
The e n e rg y  e q u a tio n  can  be w r i t t e n  a s
! = - ? %  ( « )
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In  t h e  e q u a t io n  (4 -6) we know e v e r y th in g  e x c e p t  th e  v a lu e  o f  e .H
C a lc u la t in g  from  t h i s  e q u a t io n  we can  f i n d  th e  r a t i o  and
th e n  u se  th e  same v a lu e  o f  th e  r a t i o  f o r  e^ y v . Knowing th e  r e l a t i o n  
be tw een  and v we can  e v a lu a te  th e  f u n c t io n  F ( r ) .  Once h a v in g  
c a l c u l a t e d  th e  v a lu e  o f  F ( r )  a t  v a r io u s  r a d i i ,  t h e  r e s t  o f  th e  
s o l u t i o n  i s  done in  e x a c t ly  th e  same way a s  in  s e c t io n  ( a )  and (b )  
o f  t h i s  c h a p te r .
(e )  E v a lu a t io n  o f  mean v e l o c i t y :
To c a l c u l a t e  t h e  mean v e l o c i t y  a t  a  p a r t i c u l a r  c r o s s - s e c t i o n ,  
we p ro c e e d e d  a s  fo l lo w s  —
Tm
w here D i s  th e  i n s i d e  d ia m e te r  o f  p ip e .
T r e a t in g  t h i s  a s  a  th r e e  d im e n s io n a l p ro b le m , we can  w r i t e
it D u =  
¥
2 jtru d r (4-7)
The e q u a t io n  (4-7) can  be w r i t t e n  in  a  s im p le r  fo rm  as  
8 ^
Um "  d2 u r d r
o r  u  = ~  [ j u r d r  + I
m D2 J  Jo r -
u r d r  + /  u r d r  + . . . ]  (4-8)
'1 2 
Then we p l o t t e d  r  v e r s u s  u r .  The a r e a  u n d e r th e  c u rv e  was 
e q u a l to  t h e  b r a c k e t t e d  te rm  i n  e q u a t io n  (4 -8 ) .
(I F nttfp 9 RS&HfflRW
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CHAPTER V
MOMENTUM EQUATION CALCULATIONS 
(LAMINAR FLOW)
From th e  p re v io u s  w ork 2 , 3> 7 on n o n - is o th e r m a l  f lo w , i t  was 
assum ed t h a t  th e  la m in a r  f lo w  e x i s t s  up t o  a  R eyno ld s  num ber o f  
2000.
As m e n tio n e d  in  C h a p te r  IV , we s h a l l  f i r s t  p ro c e e d  t o  f i n d  th e  
v a lu e  o f  th e  f u n c t io n  f ( r ) .
( a )  C a l c u la t i o n  o f  f ( r ) .
S t a t i o n  num ber 7 > w h ich  i s  18 f t .  away from  th e  p ie z o m e te r  
r i n g  w i l l  b e  ta k e n  a s  an  exam ple f o r  th e  sam ple  c a l c u l a t i o n s .
I n  t h i s  t e s t  th e  w e ig h t f lo w  was 1 2 .2 3  l b s / h r ,  i n l e t  C. L. 
te m p e ra tu re  was 355°F an<* a m b ie n t a i r  te m p e ra tu re  8 3 °F . The 
te m p e ra tu re s  a t  v a r io u s  r a d i i  a r e  shown in  t a b l e  1.
At r  = 0 .2 5 "
f f r l  = ( -  j1 x  32 2 x 36 1 + ^2 * ^  x  X x Q«' 5^5 x  3 2 .2  x 5 0 .1  0 .O6692  1 2 x 7  '  12
= -  0 .0 0 0 5  l b / f t  s e c 2 
At r  = 0 .7 5 "
f f r l  = f -  }  x  32 2  x  33 3 + ~^2 *^, x  X 62 . 0 .7 5  x 0»£(>r )  ^ 555  x  5 2 .2  x  5 5 0  0 .0 6 6 9 9  12 x  7  12
= -  O.OOI36 l b / f t  s e c 2
I n  th e  above m anner, we c a l c u l a t e d  th e  n u m e r ic a l  v a lu e s  o f 
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(b )  C a lc u la t io n  o f  ^  - -
We have  from  th e  r e l a t i o n  (U -3) t h a t
( C1 rr 2
= f 1 ( r ) d r + _ /  f  ( r )  d r +.................. ] ( h - 3 )
r l
SuNow t o  f in d  th e  n u m e r ic a l  v a lu e  o f  g p  a t  e a ch  r ,  we p l o t t e d '  
f ( r )  v e r s u s  r  a s  shown i n  f i g u r e  8 a n d  th e n  found  th e  a r e a  under
th e  c u rv e  f o r  any  r e q u i r e d  r  be tw een  r  = 0 and  r  = r  . .  The
du re q dv a lu e s  o f  f o r  v a r io u s  r a d i i  a t  th e  s t a t i o n  u n d e r c o n s id e r a t io n
a r e  shown in  t a b l e  1 , We th e n  p l o t t e d  ^  v e r s u s  r  a s  shown in
f i g u r e  9 .
( c )  C a lc u la t i o n  o f  v e l o c i t y  a t  any  r  —
From th e  p l o t  o f  ^  v e r s u s  r  ( f i g u r e  9 ) ,  we can  f in d  th e  
A ^
s lo p e  a t  any r .  At r  = 0 .2 5 " ,  we f in d  from  f ig u r e  9 t h a t  ^
b e tw een  r  = 0 and r  = 0 .2 5 "  i s  ” Then
du umax -  u o .2 5
5 r  o -  0 .2 5  
12
11
o r u __ = u -  0 .2 3  0 .2 5  max ^
S im i la r ly  a t  r  = 0 . 5 " ,  ^ b e t w e e n  r  = o .2 5 "  a nd r  = 0 . 5 " i s  -  2 7 .3
Su __ U0 .2 5  -  U0 .5  nr, , ------------------------ -------- - 2 7 . 3
( 0 . 2 5  -  0 . 5 ) 3-
s u b s t i t u t i n g  th e  v a lu e  o f  u i n  te rm s  o f  u , we o b ta in  0 0 .2 5  max*
u _ = u -  0 .7 9 9
0 . 5  max
I n  th e  same way u a t  any r  i s  found  i n  te rm s o f  u and t h i s  i smax
shown in  t a b l e  1 .
We th e n  p l o t t e d  u v e r s u s  r  w here u was in  te rm s  o f  u a s  r  max
shown in  f i g u r e  10. From t h i s  f i g u r e  10 , th e  n u m e r ic a l  v a lu e  o f
u  = 1 1 .1  f t / s e c .  Knowing th e  n u m e r ic a l  v a lu e  o f  u , we max ' * max*
found  th e  r a t i o  u /u  f o r  v a r io u s  r a d i i  a s  shown in  t a b l e  1 .' max *
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Then c h e c k in g  th e  w e ig h t f lo w  a s  f o l lo w s  ~
(^L + ^2 A2  U2  +   ^ = W l b s / h r  ( 5 - 1 )
Uraax ( ° » ° 029^2 ) x  3600  -  W l b s / h r
o r  W = 1 1 .1  x  0 . 0029^2 x  3600  
= 1 1 9 .8 8  l b s / h r
.The m easu red  w e ig h t f lo w  i s  1 2 .2 3  l b s / h r .  The c a l c u l a t e d
w e ig h t  f lo w  d i f f e r s  from  t h e  m easu red  v a lu e .  ' i t  was s u s p e c te d
that there might be an error in the experimental measurement of
AP b e tw een  th e  two s t a t io n s *  The m icrom anom eter can  b e  r e a d  to
0 .0 0 1  in c h e s  and  th e  e r r o r  i n  r e a d in g  t h i s  in s t r u m e n t  c an  be
i  0 .0 0 1 " . The above s e t  o f  c a l c u l a t i o n s  was f o r  dP = 0 .0 0 5 "
o f  H g O i n  a  l e n g th  o f  7  f t .  We r e p e a te d  th e  c a l c u l a t i o n s  f o r
dP = 0 .0 0 4 8 "  o f  H_0 in  w h ich  c a s e  th e  v a lu e  o f  u came o u t  t o  2  max
b e  I 3 .8  f t / s e c  an d  when dP = 0 .0 0 5 2 "  o f  Hrt0 . th e  u w as 8  f t / s e c .' 2  ’ max •
T h is  shows t h a t  a n  e r r o r  o f  *  0 .0 0 0 2 "  can  c a u se  su ch  a  d r a s t i c
ch an g e  i n  th e  m ag n itu d e  o f  u  . S o  we p l o t t e d  u a g a i n s t  a?max * max
a s  shown i n  f i g u r e  11 an d  e x t r a p o la t e d  t h i s  l i n e  from  th r e e
p o i n t s .  Then a n o th e r  s e t  o f  c a l c u l a t i o n s  w ere  p e rfo rm e d  f o r
dP = 0 .0055" ar*d dP = O.OO56"., s in c e  from  f i g u r e  11 i t  a p p e a rs
t h a t  u in  th e  ra n g e  o f  t h e s e  two dPs n i g h t  g iv e  u s  a  w e ig h t max
f lo w  v e ry  c lo s e  t o  th e  a c t u a l ' v a lu e .  When dP = 0 .0 0 5 5 " , t h e
u  came o u t  t o  b e  3 .6  f t / s e c  b u t  t h e r e  w as a  r e v e r s a l  n e a r  th e  max ^  •
w a l l .  The w e ig h t f lo w  i n  t h i s  c a s e  was 23 l b s / h r  w h ich  i s  s t i l l  
tw ic e  a s  l a r g e  a s  a c t u a l  w e ig h t  f lo w . W ith  dp = O.OO56 " ,  th e  
Umax came o u t  2 .2 2 5  f t / s e c  and  c o r re s p o n d in g  w e ig h t f lo w
w as 1 2 .6  l b s / h r .  T h is  w e ig h t f lo w  w as r e a s o n a b le  and  was o n ly  
3 #  g r e a t e r  th a n  t h e  a c t u a l  w e ig h t f lo w . B ut we h ad  th e  v e l o c i t y  
p r o f i l e  a s  shown i n  f i g u r e  12 w i th  a  r e v e r s a l  n e a r  t h e  w a l l .
The r e v e r s a l  n e a r  th e  w a l l  i n d i c a t e s  t h a t  e d d ie s  fo rm ed  
n e a r  t h e  w a l l  an d  so  t h e  momentum e q u a t io n  f o r  la m in a r  f lo w  can  
no  lo n g e r  b e  a p p l i c a b l e .  To c h eck  th e s e  e d d ie s ,  we p u t  a  p ie c e  
o f  p l a s t i c  tu b e  a b o u t  8 " lo n g  a t  20  f t .  fro m  t h e  e n t r a n c e  and
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in t r o d u c e d  smoke i n t o  th e  tu b e  a t  v a r io u s  r a d i i .  We n o t ic e d  t h a t  
t h e  smoke d id  n o t  go up in  a  s t r e a m l in e  b u t i n  a wavy sh a p e  w h ich  
in d i c a t e d  th e  fo rm a tio n  o f  e d d ie s .  The f lo w  o f  smoke a l s o  i n d ic a te d  
t h a t  t h e r e  was no f lo w  in  th e  downward d i r e c t i o n .
Due to  th e  p re s e n c e  o f  e d d ie s  i t  was e v id e n t  t h a t  t h e  f lo w  
was n o t  la m in a r  and  th e  i n t r o d u c t i o n  o f  eddy d i f f u s i v i t y  t o  a l lo w  
f o r  momentum ex ch an g e  i s  n e c e s s a r y  i n  t h e  momentum e q u a t io n .  The 
sam ple  c a l c u l a t i o n  f o r  t h e  Momentum E q u a tio n  c o n ta in in g  a p p a re n t  
k in e m a tic  v i s c o s i t y  i s  shown in  A ppendix "A ".
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FIGURE 8  PLOT OF f ( r )  VERSUS r












duFIGURE 9 PLOT OF ^  VERSUS r














FIGURE 10 PLOT OF u VERSUS r














T e s t  No. 1 , S t a t i o n  No. 7 f 18 f t .  away from  P ie z o m e te r  r i n g
A c tu a l  W eigh t flovz = 1 2 .2 3  l b s / h r
I n l e t  C. L. tem p. = 355°F
Mean tem p . = l l 6 .5 ° F
P r e s s u r e  d i f f e r e n c e  _ nrit:u u
b e tv7een  S tn . 6  and  S tp .  8  ^ 2
A m bient a i r  tem p. = 83°F
r T e m p e ra tu re B uoyan t te rm P r e s s u r e  te rm f ( r ) 8 u u i n  te rm s  o f u /u  ' max( i n  in c h e s ) o f
A
pgA0 f t / s e c g cSP r / 2e s i  £ t / Eec l b / f t  s e c ^
5 7 umax
0 1 1 9 .1 2 . 1^ O7 I . 7 8 I 0 0 u 1 .0max
0 .2 5 1 1 9 .1 2 . 11-07 1 .7 8 1 - 0 .0 0 0 5 - 1 9 .5 4 u -  0 .2 3 0  max 0 .9 8
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CHAPTER V I
EXPERIMENTAL RESULTS
The p u rp o se  o f  th e  p r e s e n t  i n v e s t i g a t io n  was to  s tu d y  th e  non- 
i s o th e r r a a l  f lo w  o f  a i r  i n  a  v e r t i c a l  p ip e  and  to  o b s e rv e  t h e  v a r i a t i o n  
o f  te m p e ra tu re  a lo n g  th e  r a d iu s  a t  v a r io u s  c r o s s - s e c t i o n s ,  a s  w e l l  a s ,  
a lo n g  th e  v e r t i c a l  a x i s  a t  low v e l o c i t i e s  o f  f lo w . T h ese  te m p e ra tu re  
p r o f i l e s  a t  v a r io u s  c r o s s - s e c t io n s  w ere  u sed  to  s o lv e  th e  momentum 
e q u a tio n  to  g e t  th e  v e l o c i t y  p r o f i l e s .  The f o l lo w in g  w e ig h t f lo w s 
and i n l e t  c e n t r e  l i n e  te m p e ra tu re s  a t  th e  p ie z o m e te r  r in g  w ere 
s e l e c t e d  to  c o v e r  a ra n g e  o f  R eyno ld s num bers be tw een  750  and I 7 OO.
T e s t  No. 1 2 3 4 5
W
l b s / h r 1 2 .2 3 1 7 .15 1 7 .2 0 1 9 .1 7 2 2 .2 2
t ,  °F 1 355 460 542 568 300
I t  was a l s o  d e c id e d  t o  ru n  a  few  t e s t s  fo r  th e  h ig h e r  v e l o c i t i e s  o f  
f lo w  ( i . e .  h ig h e r  R eyno lds num bers) f o r  th e  sa k e  o f  co m p a riso n  o f  
te m p e ra tu re  v a r i a t i o n s .  The fo llo w in g  w e ig h t f lo w s  and  i n l e t  c e n t r e  
l i n e  te m p e ra tu re s  w ere s e l e c t e d :
T e s t  No. 6 7 8 9 10 11
W
l b s / h r 7 5 .6 6 7 6 .2 2 7 5 .2 8 180 .93 1 7 6 .9 1 79 .1
t .  °F 1 57^ 46o 355 4 84 .3 360 300
36
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F i r s t ,  th e  o p e n in g  a t  t h e  fa n  i n l e t  was a d ju s te d  f o r  th e  r e q u i r e d  
w e ig h t f lo w . T h is  was o b s e rv e d  from  th e  m e a su r in g  s t a t i o n .  The 
r e q u i r e d  i n l e t  te m p e ra tu re  a t  th e  l e v e l  o f  th e  p ie z o m e te r  r i n g  was 
th e n  a d ju s te d  by a d ju s t i n g  th e  fu rn a c e  h e a t in g  e le m e n ts  and  t h e  v a r i a c .  
I t  to o k  fo u r  t o  f i v e  h o u rs  f o r  th e  i n l e t  te m p e ra tu re  to  r e a c h  a  s te a d y  
s t a t e  c o n d i t io n .
F o r each  r u n ,  t h e  f o l lo w in g  r e a d in g s  w ere  ta k e n  - -
( i )  V e lo c i ty  p r e s s u r e  a t  th e  c e n t r e  l i n e  o f  th e  m ea su rin g  
s t a t i o n .
( i i )  C e n tre  l i n e  i n l e t  te m p e ra tu re  a t  th e  p ie z o m e te r  r i n g .
( i i i )  P r e s s u r e  a t  th e  p ie z o m e te r  r i n g .
( i v )  The te m p e ra tu re  a t  each  s t a t i o n  a t  v a r io u s  r ' s ,  from  th e
2nd s t a t i o n  t o  th e  10th  s t a t i o n .
(v )  A m bient a i r  te m p e ra tu re  a t  v a r io u s  h e ig h t s  a lo n g  th e  a x is
o f  th e  v e r t i c a l  p ip e .
( v i )  T e m p e ra tu re  o f  th e  a i r  com ing o u t o f  t h e  f a n .
( v i i )  S u r fa c e  te m p e ra tu re  a t  e a c h  s t a t i o n .
( v i i i )  B a ro m e tr ic  p r e s s u r e ,
( i x )  The p r e s s u r e  d i f f e r e n c e  b e tw een  s t a t i o n s .
(x )  An i n c i d e n t a l  r e a d in g  o f  t h e  te m p e ra tu re  o f  th e  f u rn a c e  
w a l ls  to  e n s u re  a g a in s t  o v e r h e a t in g .
The v a r i a t i o n  o f  mean te m p e ra tu re  t  ,  th e  c e n t r e  l i n e  
te m p e ra tu re  t  and  t h e  w a l l  te m p e ra tu re  a lo n g  th e  v e r t i c a l  a x i s  f o r  
v a r io u s  i n l e t  c e n t r e  l i n e  te m p e ra tu re s  and  v a r io u s  w e ig h t f lo w s  a re  
s h o w  i n  f i g u r e s  13 t o  2 1 .
T e m p e ra tu re  p r o f i l e  a t  a  c r o s s - s e c t i o n  —
F ig u re  22 shows th e  te m p e ra tu re  p r o f i l e s  f o r  t h r e e  d i f f e r e n t
R ey n o ld s  num bers 1261, 52^0  and  H 263 . A l l  th e s e  p r o f i l e s  a r e  f o r  a
c r o s s - s e c t i o n  20 f t .  (55  d ia m e te r s )  from  t h e  e n t r a n c e .  They a r e  f o r  
t w
th e  same r a t i o  o f  —  0 . 69 . As can be se e n  from  f ig u r e  2 2 , a s  th e
R ey n o ld s  number i n c r e a s e s ,  th e  te m p e ra tu re  p r o f i l e  g e t s  s h a r p e r .
T h ese  c u rv e s  a r e  drawn from  a c tu a l  m easu red  te m p e ra tu re s  a t  v a r io u s  
r a d i i  f o r  d i f f e r e n t  w e ig h t f lo w s .
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CHAPTER V II
DISCUSSION OF RESULTS
( a )  Type o f  f l o w ;
I n  m ost o f  t h e  p r e v i o u s  w ork 2 ,  5 ,  7 ,  9  on n o n - i s o t h e r m a l  
f lo w  o f  g a s e s  i n  c i r c u l a r  p i p e s ,  i t  was assum ed t h a t  la m in a r  f lo w  
e x i s t s  up t o  a  R eyno ld s  number o f  2000. The la m in a r  f lo w  does 
e x i s t  up t o  a  R eyno lds  number o f  a p p r o x im a te ly  2000 f o r  i s o t h e r m a l  
f lo w ,  w h ich  we know from  Moody* s d iag ra m . T h e r e f o r e ,  when t h i s  
i n v e s t i g a t i o n  was s t a r t e d ,  we a l s o  assum ed t h a t  l a m in a r  f lo w  
e x i s t e d  up t o  a  R eynolds  number o f  2000 f o r  n o n - i s o t h e r m a l  f lo w  
o f  g a s e s  i n  p i p e s .  When smoke was i n t r o d u c e d  i n t o  t h e  p ip e  a t  
x  = 20 f t .  (55 d i a m e te r s  from  t h e  e n t r a n c e )  a t  v a r i o u s  r a d i i ,  i t  
was n o t i c e d  t h a t  t h e  smoke d i d  n o t  go up i n  a  s t r e a m  l i n e  b u t  i n  
a  wavy shape  w h ich  i n d i c a t e d  t h e  f o r m a t i o n  o f  e d d i e s .  The p r e s e n c e  
o f  e d d ie s  m eant t h a t  t h e  f lo w  was no lo n g e r  l a m in a r .  The h o t  w ire  
p ro b e  55A22 c o n n e c te d  t o  DIEA C o n s ta n t  T e m p e ra tu re  Anemometer 
55A01 was i n t r o d u c e d  i n t o  t h e  p i p e  and  i t  was o b s e rv e d  t h a t  t h e  
n e e d le  o f  t h e  B r id g e  DC V o l ta g e  M ete r  was f l u c t u a t i n g  w hich  con­
f i rm e d  th e  p r e s e n c e  o f  e d d ie s  i n  t h e  f lo w .
Brown (2k)  p o i n t s  o u t  from  h i s  e x p e r i m e n t a l  r e s u l t s  on w a te r  
f lo w in g  i n  a v e r t i c a l  tu b e  w i t h  d e n s i t y  i n c r e a s i n g  from  b o t to m  t o  
t o p ,  t h e  f lo w  was g e n e r a l l y  t u r b u l e n t  even  f o r  R eynolds  numbers a s  
low a s  a b o u t  50 . The tu b e  d ia m e te r  i n  h i s  work was 15 mm.
H a n r a t t y  (1 2 )  a l s o  o b se rv e d  i n  h i s  e x p e r im e n t s  w i t h  a  tu b e  o f  
2 .1 9  cm. (ID ) w i t h  c o o l in g  i n  u p f lo w  t h a t  a  R eyno lds  number o f  50 
an d  a  t e m p e r a t u r e  d i f f e r e n c e  o f  10°F b e tw een  a  h e a t  t r a n s f e r  
medium and t h e  incom ing  w a te r  p ro d u c e d  c o m p le te  t u r b u l e n c e  th ro u g h ­
o u t  t h e  f lo w  f i e l d .  He a c t u a l l y  i n t r o d u c e d  a  j e t  o f  dye i n t o  th e  
s t r e a m  and o b s e rv e d  i t s  f l o o d i n g  w i t h  th e  f lo w  f i e l d .
^8
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(b )  V e l o c i t y  p r o f i l e ;
As m e n t io n e d  a b o v e ,  t h e  e d d ie s  ca u se d  by  n a t u r a l  c o n v e c t io n  
w ere  n o t i c e d  a t  low Reynolds  num bers . B ecause  o f  t h e s e  e d d i e s ,  
t h e  i n t r o d u c t i o n  o f  t h e  eddy d i f f u s i v i t y  te rm  i n  t h e  momentum 
e q u a t i o n  was n e c e s s a r y .  I n  t h e  norm al t u r b u l e n t  f lo w  w hich  e x i s t s  
a t  a R e y n o ld s  number o f  6000 o r  h i g h e r  d ep en d in g  upon th e  ro u g h n ess  
o f  t h e  p i p e ,  t h e  eddy d i f f u s i v i t y  i s  much h i g h e r  t h a n  th e  la m in a r  
k in e m a t i c  v i s c o s i t y .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  R eynolds  
num bers w ere  low , t h e  eddy d i f f u s i v i t y  was 5 t o  15 t im e s  h i g h e r  
t h a n  t h e  l a m in a r  k in e m a t ic  v i s c o s i t y .  The t u r b u l e n c e  c a u se d  by 
n a t u r a l  c o n v e c t io n  a t  low R eynolds  numbers i s  a  t u r b u l e n c e  o f  low 
i n t e n s i t y .  A t u r b u l e n c e  r e a d i n g  was n o t  o b t a i n a b l e  on t h e  h o t - w i r e  
anem om eter ,  a l t h o u g h  a  r a t h e r  slow v e l o c i t y  f l u c t u a t i o n  was n o te d .  
Some s c i e n t i s t s  (25)  c a l l  i t  a n o n - la m in a r  f lo w .
Even th o u g h  t h e r e  were e d d ie s  form ed i n  t h e  f lo w ,  i t  was s t i l l  
e x p e c te d  t h a t  t h e  b u o y a n t  e f f e c t  m igh t  p re d o m in a te  b e c a u s e  o f  th e  
l a r g e  d i f f e r e n c e  i n  te m p e ra tu re  betw een th e  a i r  i n s i d e  th e  p ip e  
and  t h e  am b ie n t  a i r .  Due t o  t h i s  b u o y a n t  e f f e c t  t h e  v e l o c i t y  
p r o f i l e  s t i l l  m igh t  h av e  a  ten d e n c y  t o  e l o n g a t e  i n  t h e  c e n t r a l  
r e g i o n  o f  t h e  p ip e  as  compared t o  t h e  i s o t h e r m a l  p a r a b o l i c  v e l o c i t y  
p r o f i l e .
The v e l o c i t y  p r o f i l e s  o b t a in e d  from  t h e  n u m e r ic a l  s o l u t i o n  o f  
t h e  momentum e q u a t io n  by making u se  o f  t h e  e x p e r im e n ta l  t e m p e ra tu re  
p r o f i l e s  a r e  shown i n  Appendix B. I t  may be  o b s e rv e d  from  t h e  
v e l o c i t y  p r o f i l e s  t h a t  t h e  peak  i s  s h a rp e n e d  i n  t h e  c e n t r a l  r e g i o n  
o f  t h e  tu b e  a s  compared to  t h e  i s o t h e r m a l  l a m in a r  v e l o c i t y  p r o f i l e .  
S in c e  t h e  v e l o c i t y  p r o f i l e  i s  e lo n g a t e d  i n  t h e  c e n t r a l  r e g i o n  o f  t h e  
p i p e ,  a  g r e a t e r  q u a n t i t y  o f  a i r  w i l l  f lo w  i n  t h i s  r e g i o n .  T h is  w i l l  
r e d u c e  t h e  f lo w  and hence  t h e  v e l o c i t y  n e a r  th e  w a l l  b e c a u s e  o f  
c o n t i n u i t y .  T h is  u l t i m a t e l y  r e d u c e s  t h e  s lo p e  o f  t h e  v e l o c i t y  
p r o f i l e  n e a r  t h e  w a l l .  T h is  e f f e c t  was n o t i c e d  i n  p r a c t i c a l l y  a l l  
t h e  v e l o c i t y  p r o f i l e s  f o r  n o n - i s o t h e r m a l  f low  i n  t h e  p r e s e n t  work.
( c) T e m p e ra tu re  v a r i a t i o n  a lo n g  t h e  a x i s ;
I f  we c a r e f u l l y  o b se rv e  t h e  v a r i a t i o n  o f  mean t e m p e r a tu r e  t  
a lo n g  t h e  v e r t i c a l  a x i s  in  f i g u r e s  13 ,  16 and 19 , we w i l l  n o t i c e
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t h a t  f o r  s m a l l  w e ig h t  f lo w s  i . e .  R eyno lds  numbers be low  2000, 
th e  c u rv e s  a r e  v e ry  s t e e p  f o r  t h e  f i r s t  few f e e t  ( f i g u r e  13 ) and 
th e n  t e n d  t o  f l a t t e n  o u t .  Whereas f o r  m o d era te  f lo w s  ( f i g u r e  16) 
i . e .  R eynolds  numbers b e tw een  3000 and 6000, t h e  mean te m p e ra tu re  
c u rv e s  a r e  n o t  a s  s t e e p  a s  f o r  low w e ig h t  f low s  ( f i g u r e  13 ) .
Here th e  c u rv e s  t e n d  t o  f l a t t e n  o u t  a t  v e ry  n e a r  th e  o u t l e t .  
A c c o rd in g ly ,  f o r  h i g h e r  w e ig h t  f lo w s  i . e .  h i g h e r  R eynolds  numbers 
t h e  mean t e m p e ra tu re  c u rv e s  drop l e s s  r a p i d l y  and a r e  l e s s  s t e e p  
th a n  t h e  p r e v io u s  c u r v e s .  The low er t h e  v e l o c i t y  o f  f lo w ,  t h e  
h i g h e r  t h e  t e m p e ra tu re  drop  and t h e  h i g h e r  t h e  v e l o c i t y  o f  f low  
th e  low er t h e  t e m p e r a tu r e  d ro p .
E x a c t ly  t h e  same i s  t r u e  f o r  t h e  v a r i a t i o n  o f  c e n t r e  l i n e  
t e m p e ra tu re  t ^  and t h e  w a l l  t e m p e ra tu re  t  a lo n g  th e  v e r t i c a l  
a x i s  x  a s  i t  h a s  b een  s a i d  f o r  t h e  v a r i a t i o n  o f  t  . T h is  can be
IB
e a s i l y  o b s e rv e d  i n  f i g u r e s  14, 17 ,  20  and 15 ,  18 ,  21 r e s p e c t i v e l y ,
(d )  Heat t r a n s f e r  c h a r a c t e r i s t i c s ;
F i g u r e  25 shows t h e  p l o t  o f  l o c a l  N u s s e l t  number N,, a s  a
x 1 Kux
f u n c t i o n  o f  -=• N N . The c u rv e s  1 and  2 w ere  c a l c u l a t e d  by do Ks P r
W. M. Kays ( 2 3 ) by u s in g  th e  v e l o c i t y  d i s t r i b u t i o n  g iv e n  by
Langhaar., f o r  la m in a r  f lo w .  The c u rv e  1 shows th e  N„ a s  a  f u n c t i o n  x 1 Mux
o f  d0 N Npr  f o r  c o n s t a n t  w a l l  t e m p e r a tu r e  and th e  cu rv e  2 i s  f o r  
c o n s t a n t  h e a t  i n p u t .  T hese  c u rv e s  a r e  f o r  a i r  b e in g  h e a te d  i n  a 
c i r c u l a r  tu b e  and a r e  v a l i d  f o r  R eynolds  number up t o  2000. Laminar 
f lo w  was supposed  t o  e x i s t  up t o  t h i s  R eynolds  number. The cu rv e  3 
i s  th e  r e p r e s e n t a t i o n  o f  ou r  e x p e r im e n ta l  work and th e  r a n g e  o f  
Reynolds  number was be tw een  750 and 1600. He o b se rv e d  t u r b u l e n c e  
even  a t  t h e s e  sm a l l  R eyno lds  numbers a s  m en tio n ed  i n  p r e v io u s  
s e c t i o n s .  I n  ou r  c a s e ,  n e i t h e r  th e  w a l l  t e m p e ra tu re  n o r  t h e  r a t e  
o f  h e a t  l o s s  was c o n s t a n t .
The c u rv e s  1 and 2 f o r  h e a t i n g  and t h e  cu rv e  3 f o r  c o o l in g  
seem t o  be  a lm o s t  p a r a l l e l ,  w i t h  t h e  N u s s e l t  number b e in g  h i g h e s t  
i n  b o th  c a s e s .  The N u s s e l t  number d e c r e a s e s  a s y m p t o t i c a l l y  i n  th e  
d i r e c t i o n  o f  f lo w  f o r  a l l  t h e  t h r e e  c u rv e s .  The c u rv e s  1 and 2 
were drawn from  t h e o r e t i c a l  r e s u l t s  by Kays (23 )  f o r  la m in a r  f low
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w i t h  h e a t i n g  from  th e  e n t r a n c e  and t h e  c u rv e  3 i s  drawn f o r  c o o l in g  
from t h e  e n t r a n c e  from ou r  e x p e r im e n ta l  w ork. The cu rv e  3 i s  h ig h e r  
t h a n  th e  c u rv e s  1 and 2 even  though  t h e  R eyno ld s  numbers a r e  in  th e  
same r a n g e .  The r e a s o n  b e in g  t h a t  we o b s e rv e d  t u r b u l e n t  e d d ie s  a t  
t h e s e  R eyno ld s  num bers , w h e reas  Kays assum ed t h a t  t h e  la m in a r  f lo w  
e x i s t s  a t  t h e s e  R eynolds  num bers. A c c o rd in g  t o  Moody's c h a r t ,  t h e  
la m in a r  f lo w  e x i s t s  up t o  a  R eyno lds  number o f  2000 , b u t  i t  i s  t r u e  
o n ly  f o r  i s o t h e r m a l  f low . Due t o  t h e  f o r m a t io n  o f  e d d i e s ,  th e  
N u s s e l t  number w i l l  be  e x p e c te d  to  h av e  a  h i g h e r  v a l u e .  From 
f i g u r e  25 i t  i s  o b se rv e d  t h a t  t h e  N u s s e l t  number i s  h i g h e r  i n  our  
c a s e  a s  compared to  c u rv e s  1 and  2.
The N u s s e l t  number h a s  b een  d e f i n e d  a s
The R eyno ld s  number h a s  b e e n  e v a l u a t e d  a t  t h e  mean t e m p e ra tu re
t  , a t  t h e  s e c t i o n  under  c o n s i d e r a t i o n .nr
( e )  N o n - i s o th e rm a l  f r i c t i o n  f a c t o r ;
The v e l o c i t y  p r o f i l e  f o r  n o n - i s o t h e r m a l  f lo w  i s  e lo n g a t e d  i n  
t h e  c e n t r e  and f l a t t e r  a t  t h e  w a l l  a s  compared t o  t h e  i s o t h e r m a l  
la m in a r  v e l o c i t y  p r o f i l e .  I f  t h e  f lo w  was l a m in a r  f o r  b o th  c a se s  
( i . e .  i s o t h e r m a l  and n o n - i s o t h e r m a l )  t h e  f l a t t e r  s l o p e  a t  t h e  w a l l  
would  r e s u l t  i n  a low er f r i c t i o n  f a c t o r  f o r  n o n - i s o t h e r m a l  c a se .  
S in c e  t h e  f lo w  i n  ou r  c a s e  was n o t  s t r i c t l y  l a m in a r ,  t h e r e  would 
be a l a m in a r  s u b - l a y e r  and b e c a u s e  o f  t h a t  t h e  v e l o c i t y  g r a d i e n t  
a t  t h e  w a l l  was d i f f i c u l t  t o  p r e d i c t  a c c u r a t e l y .
The f r i c t i o n  f a c t o r  f o r  n o n - i s o t h e r m a l  f lo w  was c a l c u l a t e d  
from th e  f o l l o w in g  two e q u a t i o n s  —
N 2 r 0k
8 B f 0 (7 -1 )+ +
dx dx
(7 -2 )
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The f i r s t  e q u a t i o n  ( 7 -1 )  i s  j u s t  t h e  b a la n c e  o f  f o r c e s ,  t h e  f i r s t  
te rm  r e p r e s e n t s  t h e  p r e s s u r e  f o r c e ,  t h e  second  t e rm  t h e  buoyan t  
f o r c e  and  t h e  l a s t  te rm  t h e  v i s c o u s  f o r c e  o r  t h e  p r e s s u r e  drop 
due to  f r i c t i o n .  The p r e s s u r e  d rop  dPg was m easu red  e x p e r im e n ta l l y  
be tw een  two s t a t i o n s  6 f t .  a p a r t .  dPR was a l s o  known s in c e  we 
m easu red  t h e  t e m p e r a tu r e  p r o f i l e  a t  e a ch  s e c t i o n .  So knowing th e  
f i r s t  two t e r m s ,  i t  was e a s y  t o  e v a l u a t e  t h e  l a s t  t e rm  ^ P f y ^ .
A f t e r  e v a l u a t i n g  dP fy^x  f o r  v a r i o u s  s t a t i o n s ,  i t s  n u m e r ic a l  v a lu e  
was s u b s t i t u t e d  i n t o  e q u a t i o n  ( 7 -2 )  t o  c a l c u l a t e  t h e  n o n - i s o t h e r m a l  
f r i c t i o n  f a c t o r  f n . The i s o t h e r m a l  f r i c t i o n  f a c t o r  was c a l c u ­
l a t e d  b a s e d  on a  f l u i d  t e m p e r a t u r e  e q u a l  t o  t m o f  t h e  n o n - i s o th e r m a l  
c a s e  and t h e  same w e ig h t  f lo w .  The p l o t  o f  f n / f .  v e r s u s  Mgr  i s  
shown i n  f i g u r e  2 5 .
F i g u r e  2k Ttfas t h e n  p l o t t e d  m aking u s e  o f  t h e  in f o r m a t io n  from  
f i g u r e  25 . T h i s  shows t h e  u s u a l  p l o t  o f  f  v e r s u s  R eyno ld s  number. 
The c u rv e s  f o r  t h e  v a r i o u s  G ra sh o f  num bers i n  t h e  r a n g e  o f  0 x 10^ 
and 5 x  10 a r e  shown i n  f i g u r e  2k.  F i g u r e  2k  shows t h e  c o r r e l a t i o n  
o f  f ,  NRe and NGr>
( f )  V a lues  o f  eddy d i f f u s i v i t y  €M;
As m e n t io n e d  i n  s e c t i o n  ( a )  t h a t  t h e  eddy a c t i o n  was n o t i c e d  
i n  t h e  f lo w  and  b e c a u s e  o f  t h a t ,  i t  was n e c e s s a r y  t o  e v a l u a t e  eddy 
d i f f u s i v i t y  £M f o r  t h e  c a l c u l a t i o n  o f  t h e  v e l o c i t y  p r o f i l e s .  The 
eddy d i f f u s i v i t y  Gjkj was added  t o  t h e  k i n e m a t i c  v i s c o s i t y  t o  a c co u n t  
f o r  t h e  eddy a c t i o n .  The f o r m a t io n  o f  e d d ie s  was due to  n a t u r a l  
c o n v e c t io n  phenomenon and t h e r e f o r e  d e p e n d e n t  on t h e  t e m p e ra tu re  
d i f f e r e n c e .  The v a l u e s  fo u n d  f o r  eM s h o u ld  t h e r e f o r e  b e  r e l a t e d  to
t h e  t e m p e r a tu r e  d i f f e r e n c e  b e tw een  t h e  a i r  i n s i d e  t h e  p ip e  and t h e
_ c  / ^m *-o ^
am b ien t  a i r .  The p l o t  o f  / v v e r s u s  ~ i s  shown i n  f i g u r e  26.
From t h i s  f i g u r e ,  i t  i s  e v i d e n t  t h a t  a s  ( t m -  t c ) i n c r e a s e s ,  th e
eddy d i f f u s i v i t y  a l s o  i n c r e a s e s .
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CHAPTER V I I I
CONCLUSIONS
I n  t h e  p r e s e n t  w ork , t h e  main p u rp o se  was t o  s tu d y  th e  non- 
i s o t h e r m a l  f lo w  o f  a i r  i n  a  v e r t i c a l  p ip e  a t  low v e l o c i t i e s  and  
o b s e rv e  t h e  e f f e c t s  o f  b u o y a n t  f o r c e  on th e  v e l o c i t y  p r o f i l e s .
The a t t e m p t  was a l s o  made t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t e m p e r a tu r e  
on t h e  eddy d i f f u s i v i t y  eM. We a l s o  wanted  t o  i n v e s t i g a t e  t h e  e f f e c t  
o f  n o n - i s o t h e r m a l  f lo w  on th e  v a lu e  o f  t h e  f r i c t i o n  f a c t o r .  As a 
r e s u l t  o f  t h e  p r e s e n t  i n v e s t i g a t i o n ,  th e  f o l l o w in g  c o n c lu s io n s  may 
be s t a t e d  —
( i )  The f lo w  was o b se rv e d  to  be  n o n - la m in a r  a t  t h e  lo w e s t  
R eyno lds  number o f  750  u s e d  i n  th e  p r e s e n t  work. Brown ( 2k)  and 
H a n r a t t y  a l s o  o b s e rv e d  t u r b u l e n c e  f o r  th e  n o n - i s o t h e r m a l  f lo w  o f  
w a te r  i n  v e r t i c a l  p i p e s  a t  R eynolds  number as  low a s  50.
( i i )  The t u r b u l e n c e  a s s o c i a t e d  w i th  h ig h e r  v e l o c i t y  f lo w  
a p p e a re d  a s  p r e d i c t e d  f rom  M oody's C h a r t  above a  Reynolds  number o f  
2000. T h e re  was a  w e l l  d e f i n e d  r e g i o n  i n  w hich  t h e r e  was i n t e r m i t t e n t  
t u r b u l e n t  and l a m in a r  f lo w  and a t  s t i l l  h i g h e r  R eyno lds  num bers ,  t h e r e  
was c o n t in u o u s  t u r b u l e n c e .  The th e rm a l  t u r b u l e n c e  and t h e  m e c h a n ic a l  
t u r b u l e n c e  w ere  s e p a r a t e  and  d i s t i n c t  one from  t h e  o t h e r .
( i i i )  I n  t h e  c a s e  o f  a i r  w h ich  i s  above t h e  t e m p e r a tu r e  o f  t h e  
s u r r o u n d in g s  and f lo w in g  upward i n  a  v e r t i c a l  p ip e  w i th  h e a t  l o s s ,  t h e  
v e l o c i t y  p r o f i l e  w i l l  be  more e lo n g a t e d  th a n  t h e  p r o f i l e  i n  t h e  c a se  
o f  i s o t h e r m a l  l a m in a r  f lo w .
( i v )  As a  r e s u l t  o f  an e lo n g a te d  p r o f i l e ,  t h e  v e l o c i t y  g r a d i e n t  
a t  t h e  w a l l  o f  t h e  p i p e  i s  l e s s  th a n  f o r  i s o t h e r m a l  la m in a r  f lo w .
(v )  The eddy d i f f u s i v i t y  te rm  eM added t o  t h e  k in e m a t i c  v i s c o s i t y
a p p e a re d  t o  be a s a t i s f a c t o r y  m ethod o f  making a l lo w a n c e  f o r  t h e  th e rm a l
t u r b u l e n c e .  The v a lu e  o f  —  was r e l a t e d  t o  t h e  d im e n s io u le s s  tem p e ra -
v
t u r e  d i f f e r e n c e  b e tw een  t h e  f l u i d  and th e  s u r r o u n d in g s .
57
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( v i )  The c a l c u l a t e d  N u s s e l t  number ( w^ u x ) from  t h i s  e x p e r im e n ta l  
work ( w i th  boundary  c o n d i t i o n  -  h e a t  l o s s  v a r y in g  a lo n g  th e  a x i s )  was 
h i g h e r  i n  t h e  same ra n g e  o f  R eyno lds  numbers th a n  th e  one c a l c u l a t e d  
from  th e  a n a l y t i c a l  s o l u t i o n  w i t h  th e  a ssu m p t io n  t h a t  l a m in a r  f low  
e x i s t s  up t o  a R eynolds  number o f  2000 f o r  n o n - i s o t h e r m a l  f lo w  and 
d i f f e r e n t  b o unda ry  c o n d i t i o n s  [ ( i )  c o n s t a n t  w a l l  t e m p e r a t u r e ,  ( i i )  c o n s t a n t  
h e a t  i n p u t , ] ,
( v i i )  The n o n - i s o th e r m a l  f r i c t i o n  f a c t o r  was a  f u n c t i o n  o f  R eynolds 
number and G rash o f  number a t  R eyno lds  numbers l e s s  th a n  2000. The non- 
i s o t h e r m a l  f r i c t i o n  f a c t o r  £ a p p e a re d  t o  be  l e s s  t h a n  t h e  i s o t h e r m a l  
f r i c t i o n  f a c t o r  f ^  i n  a l l  c a s e s  w i t h i n  t h e  r a n g e  o f  t h i s  e x p e r im e n ta l  
work.
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APPENDIX A
SAMPLE CALCULATION FOR THE SOLUTION OF 
MOMENTUM EQUATION FOR TURBULENT FLOW
The c a l c u l a t i o n s  p r e s e n t e d  h e r e  a r e  f o r  S t a t i o n  7 > T e s t  No. 1 
( t h e  same a s  t h a t  u se d  i n  C h a p te r  V).
( a )  F i r s t  o f  a l l ,  we s o lv e  t h e  e n e rg y  e q u a t i o n  t o  f i n d  th e  r e l a t i o n
b e tw een  a  and g . The e n e rg y  e q u a t i o n  i s  ft
%  = ( a + 0 < £ l  ( l t -6 )
o r
A P H ' vd r ' r « r oo r
rtDL ”  " eH ^ d r ^ r = r o
I t  was assum ed t h a t  gTT = g., w h ich  i s  t r u e  f o r  = 1 from  P r a n d t l 1H M Pr
A na logy . The v a lu e  o f  g was c a l c u l a t e d  v e ry  c lo s e  t o  t h e  w a l l  o f  t h eH
p i p e  and was assum ed a s  c o n s t a n t  a c r o s s  t h e  c r o s s  s e c t i o n .
1 x  121.2 .2 5  x  7 .5  =  0# 06722 ( a +  e j
^ V O H 0* 1
n x  ~Y2 x  2
_ 6 x  1 2 .23  x  7 .5  
€h 8 X  1 4 .13
= 5 . 0  f t 2/ h r  
c
we know t h a t  a  = 0 .9 6 9 7  f t  / h r  
6h = h , 05 f t 2/ h r
o r " 1*-16
T h is  shows t h a t  g i s  h . 16 t im e s  a .H
59
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(b )  The f u n c t i o n  F ( r )  i s
r <r) = ( - ^ + f l >  ( i ^ T T )
The r a t i o  €H/c< from  th e  e n e rg y  e q u a t i o n  came o u t  t o  be 4 .1 6 .  
From P r a n d t l ’ s A nalogy eH/0  ^ = eM/v and hence  eM/v = 4 .1 6 .  The 
w e ig h t  f low  a f t e r  s u b s t i t u t i n g  t h i s  v a lu e  o f  £m/ v came o u t  t o  be
h i g h e r  th a n  th e  m easu red  v a lu e .  I t  was t h e n  d e c id e d  t o  a l t e r  t h e
v a lu e  o f  AP from  0 .0 0 5 "  ° f  H^O t o  0 .0052" o f  H^O and th e  w e igh t  
f lo w  s t i l l  came o u t  t o  b e  h i g h e r .  Uhen th e  v a lu e  o f  AP was s t i l l  
i n c r e a s e d  above 0 . 0052" o f  H^O, we g o t  a r e v e r s a l  n e a r  th e  w a l l  
w hich  a s  m en tio n ed  i n  C h a p te r  V i s  n o t  t r u e .  So i n s t e a d  of a l t e r ­
in g  AP, th e  v a lu e  o f  eM/v was i n c r e a s e d  s t i l l  f u r t h e r ,  th e  w e ig h t  
f low  c o u ld  be made t o  a g r e e .  The v a lu e  o f  €m/v came o u t  to  be 5 .5  
and  t h e  w e ig h t  f lo w  came v e ry  c lo s e  t o  t h e  m easu red  v a lu e .  T h is  
a p p e a re d  t o  be a v e r y  r e a s o n a b le  a p p ro ach .
At r  = 0 .25"
v ( r \  -  ( 1 v p v  1 + 3 2 .2  v 0 .0 0 5 2  x 6 2 . 4 , 0 .2 5  x 10U
r ( ) -  '  5 2 .2  x  36 . I  x 12 x 7  '  12 x  6 x  I .695
-  - h .8 8  sec"'*'
At r = 0.5"
_ /  , 1 1 „  0 , c o 5 2 .2  0 .0 0 5 2  x  6 2 . U. 0 .5  x- 10 *
F ( r ) -  ( - 5II3 5 2 .2  X  3 5 .8  o6695  X  12 x 7  ^ 12 x 6 x  1.895
= - 9 . 2  s e c "1
I n  t h e  same m anner, we c a l c u l a t e d  t h e  v a lu e s  o f  F ( r )  a t  v a r io u s  
r a d i i .
( c )  E v a lu a t io n  of —
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Using th e  r e l a t i o n  (2 -8 )
/c
' E ' J ' W *  (2 -8 )
o
5 F  "  w j  F <r > d rO
f 1 ^= 7  [ J  Fx(r) dr +1 F (r) dr + ........... ]
O T1
To f i n d  th e  v a lu e  o f  ^  a t  e ach  r ,  we p l o t t e d  F ( r )  v e r s u s  r  
a s  shown i n  f i g u r e  28 and found  t h e  a r e a  under  t h e  cu rv e  f o r  any
r e q u i r e d  r  be tw een r  = 0 and r  = r ^ ^ .  The n u m e r ic a l  v a lu e s  o f
oudu ' re<*d*a r e  shown i n  T a b le  2 . Then we p l o t t e d  v e r s u s  r  a s  shown in  
f i g u r e  29 .
(d )  E v a l u a t io n  o f  v e l o c i t y  a t  any r  —
T h is  p a r t  o f  th e  c a l c u l a t i o n s  was pe rfo rm ed  i n  e x a c t l y  t h e  same
way a s  m en tio n ed  i n  p a r t  ( c )  o f  C h a p te r  V. The a c t u a l  v a lu e s  of
v e l o c i t y  a t  v a r i o u s  r a d i i  a r e  shown i n  T a b le  2. The u came outmax
t o  be  1 .3 2  f t / s e c .
( e )  E v a lu a t io n  o f  w e ig h t  f lo w  —
( P,. Aj « !  t  e ,  A2 Ua -  e 3 U3 + ....................... , = W
o r  w = u  ( 0 .000023  + 0 .00017  + 0 .000337  + O.OOOMt-3 + 0 . 000^97 +TtlciX
0 . 000U83 + 0 .000396  + 0 . 0002^9 + 0 , 0001)
= 1 .3 2  x 3600  x 0 .0027
= 1 2 .83  l b s / h r
The a c t u a l  w e ig h t  f low  i s  12 .23  l b s / h r .  The e r r o r  i s  o n ly  +5$ which 
i s  t o l e r a b l e .  T h is  much e r r o r  i n  w e ig h t  f low  w i l l  n o t  make any 
a p p r e c i a b l e  change i n  t h e  shape  o f  t h e  v e l o c i t y  p r o f i l e .
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FIGURE 27 PLOT OF t  VERSUS r
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FIGURE 28 PLOT OF F ( r )  VERSUS r












duFIGURE 29 PLOT OF -r- VERSUS r












FIGURE 30 PI.OT OF u VERSUS r
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TEST NO. 1 TABLE 2
S t a t i o n  No. 7> 1 9 . 5 ’ f*om e n t r a n c e
A c tu a l  w e ig h t  f lo w  = 1 2 .2 5  l b s / h r  I n l e t  C .L . t e m p e r a t u r e  = 355°F
Mean t e m p e r a t u r e  -  l l 6 . 5 ° F  Am bient a i r  t e m p e r a t u r e  = 85°F
AP b e t .  S tn ,  6  and  S tn .  8  = 0. 0052"H2 0 jM « 5 . 5 ,  t  = 9 4 . 0°F
v w
B a r o m e t r i c  P r e s s u r e  = 2 9 .2 5 "  Hg
r
( in c h e s )
T e m p e ra tu re
°F
(F p -  F r ) 
f t / s e c




u i n  te rm s
o f  umax
u / u  '  max u / u  '  mean
0 1 1 9 .1 - 0 .2887 0 0 0 umax 1 .0 2 .5 3
0 .2 5 1 1 9 .1 - 0 .2 8 8 7 - 4 . 8 8 -O .7 5 - 3 . 0 u - 0 .035max 0 .9 7 3 2 .4 6
0 .5 0 1 1 8 .8 - 0 2 .7 1 9 - 9 .2 6 - 2 .1 0 - 4 . 2 0 u - 0 .1 2 2  max 0 .9 1 2 .2 9 5
0 .7 5 I I 8 .5 - 0 .2 5 5 1 - 1 2 .9 k - 5 . 4 0 - 7 .2 0 u - 0 .2 5 3  max ' 0 .8 1 2 . o4
1 .0 0 1 1 8 .5 -0 .2 5 5 1 - 1 7 .25 - 9 . 0 - 9 . 0 u - 0 .4 2 0  max 0 .6 8 2 1 .7 3
1 .2 5 117 .1 - O . I 7 6 I - 1 4 .8 8 - 1 3 . 0 - 1 0 . 4 u - 0 .6 2 2  max 0 .5 2 9 1 . 3k
1 .5 0 1 1 5 .9 - 0 .1 0 8 9 - 11 .05 - 1 6 .0 5 - 1 0 .7 0 u - 0 .8 4 3  max 0 .3 6 1 0 . 91k
1 .7 5 1 1 3 .7 + 0 .0145 + 1 .7 2 - 1 7 . 8 - 1 0 .1 7 u - 1 .0 6 4  max 0 .1 9 4 0 .4 9
2 .0 0 I IO .7 6 + O.3 5 I 3 +1*8 .5 1 - 1 1 .5 5 -  5 .7 8 u - 1 . 2 3  max 0 .0 6 8 0 .1 7 3
u = 1 .3 2  f t / s e c *  C a l c u l a t e d  w e ig h t  f lo w  = 1 2 .8 3  l b s / h r
NRem = 9 k k > f n  = O.O3Q} = 2 .5 7  x 106 ; ^  = 0 -56  67
6 8












FIGURE 31 PLOT OF U/ u ,  VERSUS r / rm o















S t a t i o n  No. 9 , 2 6 ,5 '  f rom  e n t r a n c e  
A c tu a l  w e ig h t  f lo w  = 1 2 .2 3  l b s / h r  I n l e t  C . L. t e m p e r a t u r e
Mean t e m p e r a t u r e  = 1 0 1 .5°F A m bient a i r  t e m p e r a t u r e
AP b e t .  S tn .  8 and  S tn .  10 = 0 .0 0 2 5 "  H^0 —  = 4 . 0 ,  t  = 8 5 .7 ° F
c. V w
B a r o m e t r i c  P r e s s u r e  = 2 9 .2 5 "  Hg
r
( i n c h e s )
T e m p e ra tu re
°F
( p p -  f b )




u i n  te rm s
o f  umax u / u  ‘ max u / u  ' mean
0 1 0 3 .0 - 0 .1 7 6 0 0 0 umax 1 .0 2 .3 4
0 .2 5 1 0 3 .0 - 0 .1 7 6 - 4 .0 5 - 0 .5 0 4 - 2 .0 1 6 u - 0 .0 2 1  max 0 .9 8 2 .2 9
0 .5 0 1 03-0 - O . I 76 - 8 .1 1 - 2 .0 1 5 - 4 . 0 3 u - 0 .0 8 4  max 0 .9 2 2 .1 5 8
0 .7 5 1 0 3 .0 - 0 .1 7 6 - 1 2 .1 6 - 4 . 5 3 - 6 .0 4 u - 0 .1 8 8  max 0 .8 3 1 .9 3 6
1 .0 0 1 02 .7 - 0 .1 5 8 3 - 1 4 .5 8 - 7 .7 5 - 7 .7 5 u - 0 .3 3 2  max 0 .6 9 8 I .6 3
1 .25 1 0 2 .0 - 0 .1 1 8 3 - 1 3 .6 2 - 11 . 4o - 9 . 1 2 u - 0 .5 0 9  max ^ ^ 0 .5 3 7 1 .2 5
1 .5 0 1 0 0 .8 -0 .0 4 8 7 -  6 .7 3 - 1 3 .9 0 - 9 . 2 7 u -O .7 0 3max 1 0 .361 0 .8 4 3
1.75 9 9 .7 + 0 .0143 + 2 .3 1 - 1 4 .5 0 - 8 .2 8 u -O .8 8 5max 0 .195 0 .4 5 6
2 .0 0 9 8 .3 + O.O8 3 I + 1 5 .3 0 - 12 .65 - 6 .3 2 5 u - I . O 37max 1 0 .0 5 7 0 .1 3 4
Umax = f t / s e c i C a l c u l a t e d  w e ig h t  f lo w  = 1 1 .8 8  l b s / h r
NRem = 9 6 5 '^> f n  = ° * 0 1 7 > NGr = ^ T  = ° ’ 256 69
TABLE 3
» 355°F 
= 83 ° f
7 C














FIGURE 32 PLOT OF U/ u  VERSUS r / rm o














TEST NO. 1 TABLE 4
S t a t i o n  No. 1 0 ,  2 9 . 5 ’ f rom  e n t r a n c e
A c t u a l  w e ig h t  f lo w  = 1 2 .2 3  l b s / h r  I n l e t  C .L . t e m p e r a t u r e  = 355°F
Mean t e m p e r a t u r e  = 9 6 .5 ° F  A m bient a i r  t e m p e r a t u r e  = 83°F
AP b e t .  S tn .  ^ an d  S tn .  11 = 0 .0 0 2 "  HgO e M = 0 , t  = 8 4 . 0°F
B a r o m e t r i c  P r e s s u r e  = 2 9 .2 5 "  Hg
r
( in c h e s )
T e m p e ra tu re
°F
( Fp " f b ^
f t / s e c 2 F ( r ) J F ( r )  d r0 dud r u i n  te rm s  o f  umax u / u  ' max u / u  ' mean
0 9 7 .2 -o .o t e 0 0 0 umax 1 .0 2 .5 9 7
0 .2 5 9 7 .2 - 0 .  042 - 4 .8 9 6 - 0 .6 1 2 - 2 .4 5 u o - 0 .0 3  max ^ 0 .9 8 2 .5 4 2
0 .5 0 9 7 .2 - 0 .  042 - 9 .7 9 - 2 .4 4 8 - 4 .8 9 6 u - 0 .1 0 9  max 0 .9 2 2 2 .3 9 5
0 .75 9 7 .2 - 0 .0 4 2 - 1 4 .6 9 - 5 . 5 2 - 7 . 3 6 u - 0 .2 3 8  max O.8 3 2 .1 5 6
1 .0 0 9 7 .2 - 0 .0 4 2 - 1 9 .6 0 - 9 .8 0 - 9 .8 0 u  - 0 .4 1 7  max ' 0 .7 0 2 1 .8 2 4
1 .2 5 9 7 .2 - 0 .0 4 2 -2 9 .3 7 5 - 1 5 .9 2 - 1 2 .7 4 u - 0 .6 4 8  max 0 .5 3 7 1 .395
1 .5 0 9 6 .2 - 0 .0 1 4 - 9 .8 2 - 2 0 .8 1 - 1 3 .8 7 u n - 0 .9 2 5  max ^ y 0 .3 4 0 0 .8 8
1 .7 5 9 5 .7 + 0 .0 2 6 + 21 .35 - 1 9 .3 3 - 1 1 .0 5 u - 1 .1 8 1max 0 .1 5 6 0 .4 o 6
2 .0 0 9 5 .0 + 0 .0 8 2 + 7 7 .5 1 - 6 .9 8 4 - 3 . 5 0 u - 1 .3 3 3  max 0 .0 4 8 0 .1 2 4
u = 1 .4 0  f t / s e c ‘ C a l c u l a t e d  w e ig h t  f lo w  = 13*7 l b s / h r  max ^
= 9 7 0 ,  £n = 0 ,  KGr -  1 .1 7  x 106 , -jH -  0 71
1
7 2












FIGURE 35 PLOT OF U/u m VERSUS r / r

















TEST NO. 2  TABLE 5
S t a t i o n  No. 7 , 1 9 . 5 ’ from  e n t r a n c e
A c tu a l  w e ig h t  f lo w  = 17-15  l b s / h r  I n l e t  C .L .  t e m p e r a t u r e  = 460°F
Mean t e m p e r a t u r e  = 139°F Am bient a i r  t e m p e r a t u r e  = 82°F
AP b e t . Stn. 6 and Stn. 8 = O.OO85" HLO —  = 7 .5 ,  t  = 102°F2 v } w
B a r o m e t r i c  P r e s s u r e  = 2 9 .2 5 5 ” Hg
r
( in c h e s )
T e m p e ra tu re
°F
( Fp “ f b  ^




u i n  te rm s  
o f  umax u / u  ' max u /  u ' mean
0 1 4 4 .3 - 0 .5 4 2 0 0 - 0 umax 1 . 0 2 .4 3
0 .2 5 1 4 4 .3 - 0 .5 4 2 - 6 . 5 6 - 0 .7 5 -  3 . 0 0 u - 0 .0 3 1  max 0 .9 8 2 2 .3 9
0 .5 0 1 4 4 .3 - 0 .5 4 2 - 1 3 .11 - 3 . 1 0 -  6 . 2 0 u - 0 .1 3 0  max 0 .925 2 . 2 5
0 .7 5 1 4 3 .0 - 0 .4 7 1 - 1 7 .09 - 6 . 6  0 -  8 . 8 0 u  - 0 .2 8 9  max 0 .8 3 4 2 . 0 3
1 .0 0 1 4 2 .2 - 0 .4 2 7 - 2 0 . 6 6 - 1 1 .2 0 - 1 1 .20 u - 0 .5 0 8  max ' 0 .708 1 .7 2
1 .2 5 1 4 0 .7 - 0 .4 0 6 - 24:55 - 1 7 .2 0 - 1 3 .7 6 u  - 0 .7 7 3  max ' 1 ^ 0 .5 5 6 1 .3 5
1 .5 0 1 3 7 .7 - 0 .1 8 4 - 13 .35 - 2 1 .2 5 - 1 4 .1 7 u - 1 .0 6 5max 0 .388 0 .9 4 3
1-75 135-3 - o .o 4 4 -  3 . 7 3 - 2 4 .5 - 1 4 . 0 u - 1 .3 5 7max 0 .2 2 0 .5 3 5
2 . 00 129-3 + 0 .27 +2 6 . 0 - 2 4 . 0 - 1 2 . 0 u - I . 6 3 0max ^ 0 .0 6 3 0 .1 5 4
u = 1 .7 4  f t / s e c :  C a l c u l a t e d  w e ig h t  f lo w  = 1 6 .9 1  l b s / h rTU3X ^ *
\ e m  = 1287> f n = ° - 005 5 ,  ^  = 4 .5 7  * 106 , ^  = 0 .1 1 1  73
i
iI 74
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FIGURE Jh PLOT OF U/ u m VERSUS r / r Q















TEST NO. 2  TABLE 6
S ta tio n  No. 9 > 26 . 5 ' from entrance  
A ctual w eight flow  = 17*15 lb s /h r  I n le t  C.L. tem perature = l*60°F
Mean tem perature = I I 3 .3°F Ambient a ir  tem perature = 82 . 3°F
Q
AP b e t .  Stn . 8 and Stn . 10 = 0 . 00V' Ho 0 —  = 6 .0 .  t  = 8 9 .3  Fd  v w
B arom etric P ressu re = 29*255" Hg
r
( i n c h e s )
T e m p e ra tu re
°F
(F p -  F ) 




u  i n  te rm s  
o f  umax
u / u  ' max u/b ' mean
0 115*7 - 0.331 0 0 0 umax 1 .0 2.315
0 .25 115*7 - 0.331 -  5*25 -  0 .65 -  2 .6 u -0 .0 2 7  max ‘ 0.983 2 . 271*
0 .50 115*7 -C .331 -1 0 .k9 -  2 .6 5 -  5 .3 u  -0 .1 1max 0.929 2 .1 5
0.75 115.7 - 0.331 - 15.75 -  5 .6 0 -  7.^7 u  - 0. 2lf5 max 0. 81*3 1.95
1 .00 115.0 - 0.291 - 18. 1*5 -  9 .8 5 -  9.85 u -0.1*27 max 1 0 .726 1 .68
1 .25 n i t . 3 -0 .2 5 2 - 19.96 -I lf . 85 -1 1 .8 8 u -O .653  max 0.581 1.35
1.50 113.0 -O .I78 - l i t .  8 -1 9 .2 5 -1 2 .8 3 u  -0 .9 1 2  max 0.1*15 0 .9 6
1*75 111.3 -0 .0 8 2 -1 0 .1 0 - 22.55 -1 2 .8 8 u - I .I 7 8max 0.21*5 0.567
2 .0 0 107 .0 + 0. 0l*2 + 5 .32 -2 3 .3 5 -1 1 .6 7 5 u „ - 1. 1*33max 0.081 0.188
u = 1 . 5 6  f t / s e c j  C a lcu la ted  w eight flow  = 16.62  lb s /h rm3.x ^
NRem = 1 3 3 0 ’ f n “ 0 ’ 018’ WGr = X ^  375 75i
7 6









FIGURE 35 PLOT OF U/u  VERSUS T/ rm o
















TEST NO. 2 TABLE 7
S t a t i o n  No. 10 , 29*5 ' from  e n t r a n c e
CLVj
f.'-;
*i>-jr t - -_ /
S 3
A c tu a l  w e ig h t  f lo v 7 = 17 .15  l b s / h r
Mean t e m p e r a t u r e  = 107°F
£P b e t .  S tn .  9  and  S tn .  11 = 0 .0035"  HgO
I n l e t  C .L . t e m p e r a t u r e  = 460 F 
A m bient a i r  t e m p e r a t u r e  = 8 2 . 3°F
2 3 =  4 . 5 ,  t  = 88 ° f
V W
B a r o m e t r i c  P r e s s u r e  = 2 9 .2 5 5 "  Hg
r
( in c h e s )
T e m p e ra tu re
°F
(Fp -  Fb )
f t / s e c 2 F ( r ) J  F ( r )  d r0 dud r
u i n  te rm s  
o f  umax u /u  ' max u / u  ' mean
0 1 0 9 .0 - 0 .2 3 8 0 0 0 umax 1 . 0 2 .3 7
0 .2 5 1 09 .0 - 0 .2 3 8 -  4 .9 0 -  0 . 6 l -  2 .4 4 u - 0 .0 2 6  max 0 .9 8 2 2 .3 3
0 .5 0 1 0 9 .0 - 0 .2 3 8 -  9 . 8 0 -  2 . 5 0 -  5 . 0 u - 0 .1 0 4max 0 .9 3 0 2 . 2 0
0 .75 1 09 .0 - 0 .2 3 8 - 1 4 .7 0 -  5 .4 0 -  7 . 2 u - 0 ,2 3 5  max 0 .8 4 1 1 .9 9
1 .0 0 1 0 9 .0 - 0 .2 3 8 - 1 9 .6 0 -  9 . 6 0 -  9 . 6 u - 0 .4 1 5  max 0 .7 1 9 1 .7 0
1 .25 1 0 8 .0 - 0 .181 - I 8 . 6 3 - 14.65 - 1 1 .7 2 u - 0 .6 4 4max 0 .565 1 .3 3 8
1 .5 0 1 0 6 .8 - 0 .1 1 3 - I 3 . 9 6 - 1 8 .3 5 - 1 2 .2 3 u  - 0 .8 9 4  max 0 . 3 9 6 0 .9 3 8
1 .7 5 105 .4 - 0 .0 3 3 -  4 .7 5 - 2 1 . 0 - 1 2 .0 u - 1 .1 4 9  max 0 .2 2 4 0 .529
2 . 0 0 101 . 0 + 0 .219 + 3 6 .0 7 - 16 .75 -  8 . 3 8 u  - I .365  max ^ 0 . C7 8 0 .1 8 4
u = 1 .4 8  f t / s e c ^  C a l c u l a t e d  w e ig h t  f lo w  = 1 5 .6  l b s / h r  max ^
WRem = 13k2> f n  = °* ° 2 5 ’ NGr = 2 *°6 x  > T~  = ° ^ 02i
7 7
78













FIGIJRL 36 PLOT OF U/u  VFRoUS V/ r  J ■ m o
















TEST NO. 3  TABLE 8
S t a t i o n  No. 7 , 1 9 .5 '  f rom  e n t r a n c e
A c tu a l  w e ig h t  f lo w  = 1 7 .2 0  l b s / h r  I n l e t  C .L . t e m p e r a t u r e  = 5^2°F
Mean t e m p e r a t u r e  = 155°F Am bient a i r  t e m p e r a t u r e  = 8 l ° F
ZiP b e t .  S tn .  6  and S tn .  8  = 0 .0 1 0 8 "  H^O —  = 9 . 0 ,  t  = 1 06 .7 °F
d V w
B a r o m e t r i c  P r e s s u r e  = 2 9 .3 7 "
r
( i n c h e s )
T e m p e ra tu re
°F
(Fp -  F„ )
f t / s e c ^ F ( r ) J F ( r )  d r  0 dudr u i n  te rm s  o f  umax u /u  1 max u /u  ' mean
0 161 .3 - 0 .6 9 2 0 0 0 umax 1 .0 2 .U3
0 .2 5 1 6 1 .3 - 0 .6 9 2 -  6 . 7 9 -  0 . 8 3 -  3 .3 2 u - 0 .0 3 7  max 0 .9 8 2 . 3 8
0 . 5 0 1 61 .3 - 0 .6 9 2 - 1 3 .5 8 -  3 . 6 -  7 . 2 0 u - 0 .1 5 0  max ^ 0 .9 2 2 . 2 3
0 .7 5 1 6 0 .3 - 0 .6 1 6 - 18 . Hr -  7 .^ 5 -  9 .9 3 u - 0 .3 2 9max 0 .8 2 3 2 . 0 0
1 . 00 1 5 9 .3 -O . 5 6 2 - 2 2 .0 7 - 1 2 .5 0 - 1 2 .5 0 u - 0 .5 5 9  max O. 6 9 9 1 .7 0
1 .2 5 1 5 7 .0 - 0 . U.I4-I - 2 1 .6 5 - 1 8 .05 - lL . l f l t u  - 0 .835max ^ 0 .5 5 1 . 3^
1 .5 0 1 5 ^ .3 - 0 .2 9 8 - 1 7 .5 5 - 2 2 .5 5 - 1 5 .03 u - 1 . H4-5 max 0 . 38L 0 .935
1 .7 5 1 5 0 .7 - 0 .107 -  7 -3 5 - 2 6 .1 - l b .91 u - 1 . ^ 5 7  max ' 1 0 .217 0 .5 2 6
2 . 0 0 lU l .O + 0 . i r 05 + 3 1 .8 - 2 3 .2 5 - 1 1 .6 2 5 u - 1 .7 3 3  max 1 0 .068 0 .1 6 6
u = 1 .8 6  f t / s e c j  C a l c u l a t e d  w e ig h t  f lo w  = 1 7 .6 8  l b s / h rmax ^
NRem = 1261 > f n = NGr = k - 6* X ^ ’ I T  = U 3 lQ  T9i
8o
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TEST NO. 9  TABLE 9
S t a t i o n  No. 9 ,  2 6 .5 '  f rom  e n t r a n c e  
A c tu a l  w e ig h t  f lo w  = I 7 . 2  l b s / h r  I n l e t  G.L. t e m p e r a t u r e  = 542°F
Mean t e m p e r a t u r e  = 123°F Ambient a i r  t e m p e r a t u r e  = 8 l . 3 ° F
b e t .  S tn .  8 and  S tn .  10 = 0 .0 0 5 5 "  H^O ~  = 6 , t  = 9 6 . 1°F
£- V W
B a r o m e t r i c  P r e s s u r e  = 2 9 .3 7 "  Hg *
r
( in c h e s )
T e m p e ra tu re
°F
<FP -  f b >
f t / s e c ^ F ( r ) J  F ( r )  d r0 dud r
u  i n  te rm s  
o f  umax u / u  1 max u / u  ' mean
0 1 2 7 .1 -O.lt-16 0 0 0 umax 1 . 0 2 .5 7
0 .2 5 1 2 7 .0 - 0 .4 1 6 -  6 .3 1 -  O. 7 8 -  3 .1 2 u - 0 .0 3 1  max 0 .9 8 1 2 . 5 2
0 . 5 0 126 .7 - 0 .3 9 3 - 1 2 .1 0 -  3 . 0 0 -  6 . 0 0 u - O . I 3 O max 0 .9 1 9 2 . 3 6
0 .7 5 1 2 5 .7 - 0 .3 3 9 - 1 5 .6 6 -  6 .9 5 -  9 .2 7 u - 0 .291  max ^ 0 .8 1 8 2 . 1 0
1 . 00 1 2 5 .3 - 0 .3 1 6 - 1 9 .4 6 - 1 0 .7 5 - 1 0 .7 5 u - 0 .5 1 2  max 0 . 6 8 0 1.75
1 .25 1 2 4 .0 - 0 .2 4 4 - 1 8 .78 - 1 5 .8 0 - 1 2 .6 4 u -O .765  max ' ' 0 .5 2 2 1 .34
1 .5 0 122 .3 - 0 .1 5 0 - 1 3 .8 6 - 1 9 .7 0 - 13 .10 u  - 1 .0 3 6  max ^ 0 .3 5 3 0 .907
1 .7 5 118 .7 + 0 .051 + 5 .4 9 7 “ 2 1 .7 5 - 1 2 .4 3 u - 1 .3 0 6  max 0 .1 8 4 0 .4 7 2
2 . 0 0 U 3 . 7 + 0 .3 1 9 + 3 9 .3 - 16 .25 -  8 .1 2 5 u - 1 .521max 0 .0 4 9 4 0 .127
Umax = f t - / s e c ; C a l c u l a t e d  w e ig h t  f lo w  = 1 5 .15  l b s / h r
NRem = 15 1 5  ^ f n = ° - ° o65 ,  NGr = 3 .1 8  x 106 , ^  = 0 .1 3 3  81
82











FIGURE 38 PLOT OF U/ u V ERG US r / rTO O

















TEST NO. 3  TABLE 10
S t a t i o n  No. 10 , 2 9 . 5 ’ from  e n t r a n c e
A c tu a l  w e ig h t  f lo w  = 1 J .2  l b s / h r  I n l e t  C .L . t e m p e r a t u r e  = 542°F
Mean t e m p e r a t u r e  = l l^ i .  3°F Am bient a i r  t e m p e r a t u r e  = 8 l ° F
AP b e t .  S tn .  9  and  S tn .  11 = 0 .0 0 4 4 "  H20 ~  = 6 . 0 ,  t  = 9 3 .3 ° F
B a r o m e t r i c  P r e s s u r e  = 2 9 .3 7 "
r
( in c h e s )
T e m p e ra tu re
°F
(Fp -  Fb )
f t / s e c ^ F ( r )
f"




u  i n  te rm s  
o f  umax u / u  ' max u / u  ‘ mean
0 1 1 6 .6 - 0 .3 0 6 0 0 0 umax 1 .0 2 .2 9
0 .2 5 1 1 6 .6 -O . 3 0 6 -  4 .8 4 -  0 . 6 0 -  2 .4 0 u - 0 .0 2 5  max ^ O. 9 8 3 2 .2 5
0 . 5 0 1 1 6 .6 - 0 .3 0 6 -  9 .6 7 -  2 .1 5 -  4 .3 0 u - 0 .101  max 0 .9 3 3 2 .1 4
0 .7 5 1 1 6 .6 - 0 .3 0 6 - 1 4 .5 1 -  5 .3 0 -  7 .0 7 u - 0 .2 2 6  max 0 .8 4 9 1 .945
1 .0 0 1 1 6 .6 -O . 3 0 6 - 1 9 .3 5 -  9 .3 0 -  9 .3 0 u - 0 . 4 0  max 0 .7 3 3 1 .6 8
1 .25 1 1 5 .6 - 0 .2 4 9 - 1 9 .68 - 1 4 .6 5 - 1 1 .7 2 u - 0 .6 2 2  max 0 .5 8 5 1 .3 4
1 .5 0 1 1 4 .0 - 0 .159 - 1 5 .0 8 - 1 7 .8 0 - H . 8 7 u - 0 .8 7 2  max 1 0 .4 1 9 0 .959
1 .75 1 1 1 .7 - 0 .029 -  3 .2 1 - 2 1 . 0 - 1 2 .0 0 u - 1 .1 2 7max ' 0 .2 4 9 0 .5 6 9
2 . 0 0 1 0 7 .3 + 0 .219 +2 7 .6 9 - 1 9 .1 -  9 .5 5 u - 1 .3 5 2max 0 .099 0 .2 2 6
“ max = 1 ' 5 f t /  s e c ,  C a l c u l a t e d  w e ig h t  f lo w  = 1 6 .2  l b s / l i r
m 6 f
NRem = 1327 '  f n = ° - ° 3 9 '  WGr = 2 ‘ 7 X 10 > I T  = °*81 83i
Qb
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TEST NO. U TABLE 11
S t a t i o n  No. 7> 1 9 . 5 1 f rom  e n t r a n c e  
A c tu a l  w e ig h t  f lo w  = I 9 . I 7  l b s / h r  I n l e t  C .L . t e m p e r a t u r e  = 568°F
Mean t e m p e r a t u r e  = 170 .7 5 °F  Ambient a i r  t e m p e r a t u r e  = 8 2 .7 °F
AP b e t .  S tn .  6  and S tn .  8  = 0 .0 1 2 "  H2 0 ^  = 1 0 .0 ,  t ^  = 1 1 2 .7°F
B a r o m e t r i c  p r e s s u r e  = 29.1+25" Hg
r
( i n c h e s )
T e m p e ra tu re
°F
( F p -  Fb )
f t / s e c ^ F ( r )
rX
F ( r )  d r . du d r
u i n  te rm s  
o f  umax u /u  ' max u / u  '  mean
0 1 7 6 .3 -O . 8 6 3 0 0 0 umax 1 . 0 2 . 1+2
0 .25 1 7 6 .3 - 0 ,8 6 3 -  7 .3 7 -  0 .85 -  3 .^ 0 u - 0 .0 3 7 5  max 0 .9 8 2 2 .3 7
0 .5 0 I 7 6 . 3 -O .8 6 3 -li+.7i+ -  3.1+5 -  6 . 9 0 u - 0 .1 5max 0 .928 2.21+3
0 .7 5 1 7 6 .0 -0.81+8 - 2 1 .7 2 -  7 .9 5 - 1 0 . 6 u - 0 .3 3 5  max O.8 3 9 2 .0 3 5
1 .0 0 I 7 L. 7 - 0 .7 8 0 - 26 . 6k - 1 3 .9 - 1 3 . 9 u - 0 .5 9 3  max 0 .715 1 .7 2 9
1 .2 5 1 7 0 .3 - 0 .5 5 1 - 2 3 . 5 2 - 2 0 .5 - 16 . 1+ u - 0 . 911+ max 0 . 5 6 1 .3 5 3
1 .5 0 I 6 7 . 7 - 0 . k 2h - 2 1 .7 2 - 2 6 . 6 - 1 7 .7 3 u - I . 27I+max 1 O.387 0 .9 3 8
1 .7 5 1 6 2 .0 - 0 .120 -  7 .1 7 - 3 0 .0 5 - 1 7 .1 7 u - 1 .638  max ^ 0 .212 0.511+
2 . 0 0 1 5 2 .3 + O.385 + 2 6 . 5 - 2 7 . 6 - 1 3 .8 u - 1 .9 5 9max 0 .058 0 . 11+0
Umax= 0& f t / s e c ;  C a l c u l a t e d  w e ig h t  f lo w  = 19*39 l b s / h r
WRem = f n = NGr = k ' 96  X 1C>6’ /  = X*55  85i
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TEST NO. 4 TABLE 12
S t a t i o n  No. 9 ,  2 6 .5 '  f rom  e n t r a n c e
A c tu a l  w e ig h t  f lo w  = 1 9 . I 7  l b s / h r  I n l e t  C .L , t e m p e r a t u r e  = 568°F
Mean t e m p e r a t u r e  = 133°F Ambient a i r  t e m p e r a t u r e  = 8 2 .7 ° F
sm o
~ =  7 . 0 ,  t w = 101 . 3°F 
B a r o m e t r i c  P r e s s u r e  = 2 9 .4 2 5 "  Hg
AP b e t .  S tn .  8  and  S tn .  10 = 0 . 0065" H20
r
( i n c h e s )
T e m p e ra tu re
°F
( FP -  F ) 
f t / s e c F ( r ) J F ( r )  d r  0
du
d r
u  i n  te rm s  
o f  umax u / u  1 max u / u  ' mean
0 137 .5 “ 0 .5 3 9 0 0 0 umax 1 . 0 2 .5 1
0 .2 5 137 .5 - 0 .5 3 9 -  7 .0 5 -  0 .7 5 -  3 . 0 u - 0 .0 3 1  max 0 .9 8 3 2 .4 6
0 . 5 0 137 .5 - 0 .5 3 9 - 1 4 .1 -  3 . 2 0 -  6 .4 o u - 0 . 1 4max 0 .9 2 3 2 .3 1
0 .7 5 1 3 7 .0 - 0 .5 1 2 - 2 0 . 1 -  7 .9 0 - 1 0 .5 3 u - 0 .3 2 2  max 0 .823 2 . 0 6
1 .00 1 3 5 .3 - 0 . 3 6 - I 8 . 8 3 - 1 2 .9 0 - 1 2 .9 0 u - 0 .5 7 7  max ' 11 0 .6 8 3 1 .7 0
1 .2 5 1 3 4 .0 - 0 .2 8 9 - 1 8 .9 0 - 1 7 .2 0 - 1 3 .7 6 u -O . 8 6 3  max 0 .5 2 6 1 .3 2
1 .5 0 1 3 2 .3 - 0 .1 9 6 - 1 5 .3 8 - 2 1 .7 0 - 1 4 .4 7 u - 1 .1 6max 0 .3 6 3 0 .9 0 8
1 .75 1 29 .0 - 0 .0 1 6 -  1 .4 6 - 2 3 .7 0 - 1 3 .5 4 u - 1 .4 4 9  max ^ 0 .2 0 4 0 .5 1
2 . 0 0 1 2 2 .3 + 0 .345 +3 6 . 1 - 2 1 .2 5 - 10 .625 u - 1 .701  max 0 .065 0 .1 6 4
umax = 1 .8 2  f t / s e c j  C a l c u l a t e d  w e ig h t  f i ow = 1 7 .4 3  l b s / h r
,  f
NRem = l k k l > f n = ° * 0 l 6 ’ NGr = 3 .5 1  * 1 0 ° ,  ^  = 0 . 3 6 87
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TEST NO. 4  TABLE 13
S t a t i o n  No. 10 , 2 9 . 5 '  f rom  e n t r a n c e
A c tu a l  w e ig h t  f lo w  = 1 9 .1 ?  l b s / h r  I n l e t  C. L . t e m p e r a t u r e  = 568°F
Mean t e m p e r a t u r e  = 123°F Ambient a i r  t e m p e r a t u r e  = 8 2 .7 ° F
AP b e t .  S tn .  9 and  S t n .  11 = 0 .0 0 5 2 "  HgO ^  = 6 . 0 ,  t w = 9 7 .0 ° F
B a r o m e t r i c  P r e s s u r e  = 2 9 .4 2 5 "  Hg
r
( i n c h e s )
T e m p e ra tu re
°F
(F -  F ) v P BJ
f t / s e c ^ F ( r ) 1 F ( r )  d r  0
du
d r
u i n  te rm s  
o f  umax u / u  ' max u / u  ' mean
0 1 2 6 .7 - 0 .4 3 3 0 0 0 umax 1 . 0 2 .3 7
0 .2 5 1 2 6 .7 - 0 .4 3 3 -  6 .6 7 -  0 .7 4 -  2 .9 6 u - 0 . 0 3max 0 .9 8 4 2 -3 3
0 . 5 0 1 2 6 .7 - 0 .4 3 3 - 1 3 .4 1 -  3 . 2 0 -  6 .4 0 u - 0 .1 3 4  max 0 .928 2 . 1 9 9
0 .7 5 1 2 6 .0 - 0 .3 9 5 - 1 8 .2 4 -  7 .1 0 -  9 .4 7 u - 0 .3 0 1  max y 0 .838 1 .9 8 6
1 .0 0 1 2 5 .3 - 0 .3 5 6 - 2 1 .9 3 - 1 1 .9 0 - 1 1 .9 0 u - 0 .5 2 5  max x 0 .718 1 . 7 0
1 .25 1 2 4 .3 - 0 .3 0 1 - 2 3 .1 7 - 1 7 .6 5 - 1 4 .1 2 u - 0 . 8 0 l  max 0 .569 1 .3 5
1 . 5 0 1 2 3 .3 - 0 .2 4 6 - 2 2 .7 3 - 2 3 .3 0 - 1 5 .5 3 u - 1 .11max 0 .4 0 3 0 .954
1 .7 5 1 2 0 .3 -O.O78 -  8 .4 0 - 2 7 .3 5 - 1 5 .6 3 u - 1 .4 3 7max 0 .227 0 .5 3 9
2 . 0 0 1 1 3 .0 -1-0 .3 2 8 +4o.4 - 2 3 .3 5 - 1 1 .6 7 5 u - 1 .7 2 9  max 1 ^ 0 .0 7 0 0.167
Umax ~ f t / s e c -  C a l c u l a t e d  w e ig h t  f lo w  = 1 9 .15  l b s / h r
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TEST NO. 5 TABLE 14
S t a t i o n  No. 7 } 19*5' f rom  e n t r a n c e
A c tu a l  w e ig h t  f lo w  = 2 2 ,2 2  l b s / h r  
Mean t e m p e r a t u r e  = 150°F 
AP b e t .  S tn .  6 and  S tn .  8 = 0 .0 1 2 "  H^O
I n l e t  C .L . t e m p e r a t u r e  = 300 F 
Ambient a i r  t e m p e r a t u r e  = 7 7 °F
F 1 '  8 . 5 , t  = 112 . 3 °F
B a r o m e t r i c  P r e s s u r e  = 2 9 .5 "  Hg
r
( i n c h e s )
T e m p e ra tu re
°F
( FP -  F ) 
f t / s e c F ( r )
fr




u i n  t e rm s  
o f  umax u / u  ' max u / u  7 mean
0 1 5 5 .0 - 0 .7 3 8 0 0 0 umax 1 .0 2 .4 6
0 .2 5 1 5 5 .0 -O .7 3 8 -  7 . 7 3 -  0 . 9 6 -  3 .8 4 u - 0 .0 4 7  max 1 0 .9 8 2 .4 1
0 .5 0 1 5 5 .0 - 0 .7 5 8 -15.1-7 -  4 . 1 5 -  8 . 3 0 u - 0 .1 8 2  max 0 .921 2 .2 7
0 .7 5 1 5 5 .0 - 0 .7 3 8 - 2 3 .2 1 -  9 . 1 0 - 1 2 .1 3 u - 0 . 4 0  max 0 .8 2 6 2 . 0 3
1 .0 0 1 5 3 .5 -0.61-7 - 2 7 .1 3 - 1 4 .9 0 - 1 4 .9 0 u  - 0 .6 8 1  max 0 .7 0 4 1 .7 3
1 .2 5 1 5 1 .3 - 0 .5 4 0 - 2 8 .3 0 - 2 2 .0 - 1 7 .6 0 u - 1 .0 2 2max 0 .555 1 .3 7
1 .5 0 1 4 8 .7 - 0 .4 0 1 - 2 5 .2 2 - 2 9 . 0 - 1 9 .3 3 u - 1 .4 0 7  max 1 0 .388 0 .9 5 6
1 .7 5 1 4 5 .0 - 0 .201 - 1 4 .7 5 -3 3 -7 5 - 19 .28 u - 1 .8 1 5max 0 . 211 0 .5 1 9
2. CO 1 3 6 .0 + 0 .279 + 2 3 .4 - 3 2 .3 5 - 16 .175 U  - 2 . 186 max 0 .049 0 .1 22
u = 2 .3  f t / s e c -  C a l c u l a t e d  w e ig h t  f lo w  = 2 1 .8 6  l b s / h r  ma x j-
NRem “ l 6 5 °^ f n  = 0 *0L5’ NC-r = k ' 6U X ^ > I T  = °- 382i
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TEST NO. 5 TABLE 15
S t a t i o n  No. 10, 2 9 .5 '  from  e n t r a n c e
A c tu a l  w e ig h t  f lo w  = 2 2 .2 2  l b s / h r  I n l e t  C .L . t e m p e r a t u r e  = 300°F
Mean t e m p e r a t u r e  = 123°F Ambient a i r  t e m p e r a t u r e  = 77°F __
AP bet. S tn .  9  and  S tn .  11 = 0 .0 0 6 "  Ho 0 ~ =  6 . 0 .  t  = 9 7 .1 ° F2 v 1 w ^ 1
B a r o m e t r i c  P r e s s u r e  = 2 9 .5 "  Hg
r
( in c h e s )
T e m p e ra tu re
°F
(Fp -  V
f t / s e c ^ F ( r ) J  F ( r )  d rO dud r
u i n  te rm s
o f  umax u / u  ' max u / u  ' mean
0 1 2 6 .0 -O.H36 0 0 0 umax 1 . 0 2 .2 8
0 .2 5 1 2 6 .0 -O . 4 3 6 -  6 .7 1 -  0 .8 3 -  3 -5 2 u - 0 .0 3 2  max 0 .9 8 5 2 .2 5
0 .5 0 1 2 6 .0 - 0 .4 3 6 - 1 3 .4 3 -  3 .3 5 -  6 . 7 O u - 0 .1 33  max O. 9 3 6 2 .1 4
0 .7 5 1 2 6 .0 - 0 .4 3 6 - 2 0 .1 4 -  7 . 3 5 -  9 . 8 0 u - O .3 O5max ^ O. 8 5 4 1 .9 5
1 .0 0 1 2 6 .0 - 0 .4 3 6 - 2 6 .8 5 - 1 3 .0 - 1 3 .0 u - 0 .5 4 2  max x 0 .7 4 2 I . 6 9
1 .2 5 1 2 5 .0 - 0 .3 8 0 - 2 9 .2 5 - 2 0 . 0 - 1 6 .0 u - 0 .8 4 6  max 0 .5 9 7 1 .3 6
1 .5 0 1 2 3 .0 -O . 2 6 9 - 2 4 .8 5 - 2 6 . 9 - 1 7 .9 3 u  - 1 .2 0 2  max 0 .427 0 .9 7 6
1 .7 5 120 .7 - 0 .1 4 1 - 1 5 .2 - 3 2 .0 5 - 1 8 .3 u  - 1 .5 8 3  max 0 .2 4 6 0 .5 6 2
2 . 0 0 1 1 5 .7 j-o. 138 • r l6 .9 9 8 - 3 2 . 0 - 1 6 .0 u - 1 .9 4 2  max ^ 0 .075 0 .1 7 2
u = 2 . 1  f t / s e c ,  C a l c u l a t e d  w e ig h t  f lo w  = 2 2 .5 3  l b s / h r  max 1 1  f
WRem = 1688> f n = ° ‘ 01k2> NGr" 3 ’ 8  X ^ ’ ~T  = °*375 93i
9k
TEST NO. 5. STATION 10
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